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THERMAL CONDUCTIVITY OF THE SLOWLY 
REACTING SYSTEM 2HI ±; H,+U 

li. N. SRIVASTAVA and P. K. CIIAKRABOJITJ 

JnDIAN AsKOCIATION for this CuiiTXVATION OF SciKN(3K, CaIAJITTTA-32 
{Received, Jcmmry 24 , 1904 ) 

ABSTRACT. Tho thermal conduotivity of the dissociating system 2III 
Vias mca,svu’(Ml hetwoon 175‘0 and 205‘'C at a prcssort* below I atm. 'The absolult> liot- 
wiro method and an all-glass apparatus with a glass diafilinigm manometer has been employed. 
'Tbe e\perim(Mital conductivity values have btuai e(imj)anHl with the values calculated from 
the t li(H)retieal ('xpressioii dev(do|jed by 8rivastava ct nl. for a slowly ri'acting system. Fair 
agreement has f)een obtained between the e\j>eriin('nlal and the calculated \ aluos. 


T N T K () D U C T 1 () N 

The study of the iliermal eoiKlmd ivity of (‘liemi(*ally reaeting gaseous systems 
is of cAmsiderablo iuioresl both from the tho(mdi<‘al and the experiuuMtbil yxuni 
of view. iSeveral workers (Hirsclifelder, 1957^/; Butler and Brokaw. ll)o7) liavt* 
investigated this prolilein theoretically assuming th(‘ condition of local ehemit^al 
ecpiilibriuni to hold. However, the (‘xperhtienial iiivovstigations with differcid 
reacting systems (Coffin, 1959; 8riv^astava and Barua, 1901; Barua and 
Chakrahorti, 19f52) hav(^ proved the inadetjuacy of tin* lotail (‘{piililuinm theory. 
This is due to the fact tliat the reaction rate for almost all (th(uui<*{il rtNietions 
are not fast enough to maintain the condition of local chemical equilibrium. 
Tlie prol)lem of non-equilibrium heat transfer in reacting gases has been consi- 
dered theoretically by Franck and Spalthoff (1954); Seerest and Hirschfelder 
(1901) and Brokaw^ (1901). 

Seerest and llirscdifeldor ( 1 901 ) have considered twT) types of c.luunieal reaedions, 
viz : (1) Moderately fast reactions and (2) slow reactions. Srivastava, Barua 
and Chakraborti (1903) have att(Mn])ted to interpret the ex])erimental h(*at con- 
ductivity data (Barua and Chakraborti, 1962) for the system 2NOo ±:; 2NO fOo 
by extending tho theory of Seerest and Hirschfelder (1961) for slowly reaeding 
systems. 

In the present paper wo have reported tho thermal conductivity of dissocia- 
ting hydrogen iodide, the reaction rate for which is knowm to be slow (Sullivan, 
1959). The experimental values have been compared with the values calculated 
on the basis of the expressions developed by Srivastava, Barua and Chakraborti 
(1963), 
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PREPARATION OF HYDROGEN IODIDE 

Pure HI was obtained by t action of water on a mixture of nnl phosphorus 
and rc-sublimed iodine^ ae(;ording to the reaction 

2PH 31, - 2 PI 3 
2Pl3M)H,U ^^H.POalbHI 

By oonstruet ing a snitabh* glass a])paratus, HI was lirst purifu^d by passing 
it over moist red phosphorus and iu sne-eession. Tlu' purifu^d HI was li- 

(jnefitKl in tlie (M>llceting tube bv placing it in an alcohol-liquid oxygen bath. 
Th(' liquid HI was tlien solidified l>y placing the colha-ting tube in another 
alcohol-liquid oxygen bath and the sysltun was <‘vacuat(‘d. The resulting pure 
HI was tluai distilled into am])oules whi<‘h w(‘n^ sealed off. The ends of the 
aiupoules w'ore made so thin that th(*y (uuild be easily broken by mere tilting. 

A r r A It A T U 8 A N 1) T H E O K Y 

The method emplovi'd for the tluTJual conductivity mi‘asun‘nients is the 
thick -wire- variant of the hot-Avire method. An all-glass a})paratus w ith a glass 
diaphragm manometer described (‘arlier in (hdail has been us(‘d to avoid all compli- 
cations due to spurious chenii(‘al n^actions. Th(‘ tli(‘ory and proc(‘dur(' of tin* 
experiment have aln^ady been fully desciil)ed <ist‘w her(‘ (Kannuluik and (barman, 
11152; Srivastava and Barua, liltit)). Tue constants (i‘ tlu* apparatus at different 
tem})eratures ar(‘ given in Taldi* f. 

TABLE 1 


Constants of the conductivity cell at dilhuvnt t-(‘mpt‘j'at.ur(\s 


Constants 

175 

'romjx'rat iin* in ' ( 

IS5 11)5 

205 

Resistanco of the coif w ire Jio in 12 

2.mmo 

2.(>58;} 

2.7110 

2.7040 

Temperature coeflicient of resistancfi “a" of the 





platinum wire in 

u.ooim) 

O.0019S 

0.00192 

0.00190 

Thermal conductivity of the platinum wire 





in cal. cm~i. soc"i. 

0.1748 

0.1749 

0.1750 

0.1752 

Cell constant (1— C) 

0.9788 

0.9779 

0.9778 

0.9775 

Length of the cell wire (2/.) 



11.014 cm. 


Radius of the cell wire (ri) 



0 . 00.5 cm. 


Internal diameter of the coll (2r2) 



0..^220 cm. 


External diameter ol’tlie cell ( 2 r 3 ) 



0.0021 cm. 



E X P E K 1 M E N A L ii K S U L T 8 

A typical set of observations take.n at 175°C is given in Table 11. In the 
table Kn is the apparent thermal conductivity and K'^ is that obtained after 
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reduction to the bath temperature. The temperature coefficient of the thermal 
conductivity of the reacting was obtained from tlu^ valuen of the thermal 

conductivity calculated on tlu". basis of the slow reaction tli(*ory. K' is the value 
obtained after cornMjtiug for radiation loss, temperature jump and wall effects. 
K is the thermal e-onductiA^ity obtaiin^d after (‘orreiiting for the asyjnmetry in the 
cell construction by the relation K = Tlu^ lactor (1— 6') was obtained 

from tlui jueasuromonts of the thennal condiie-tivity (h’ iK'on by taking the data 
of Kaunuluik and Carman ( 1002 ) as standard. 

TABLE II 

Observations taken for the thermal conductivity K at 175°0 
hi cal. cin~^ . s(‘c 1 1 


P III om. 
ofTTg. 

I in in A 

( U — /^o) in 
mil 

KuX I0r> 

K'u X 1 0" 

K'y los 

ifx lOfi 

1 ll . 1 K 

105 G4 

5S 00 

2 91 

2.90 

2 . 89 

2 . s:{ 

25 ()8 

ior» nr* 

5S 01 

2 92 

2.91 

2.90 

2. 84 

fil . If) 

105 05 

57.91 

O 

2.81 

2. SO 

2.74 


TABLE ITT 

Experinumtal and cahadated values* of the tliermal conductivity of the 
system 2 Hl±;:H 2 l Ig expr(‘ssed in cal. (!m~h soc“^ . 


T in 

P in cm. 
ofUg. 

Th in 

Te in 

X-. aij 

X 1 0*'^ 

Kcal 

y 10ft 

if^ai)cal 

Xios 


1 9 . 1 S 

1 82 . 0 

17H.S 

0.0J56 

2.83 

2.57 


1 75 , 0 

25 . (iS 

ISJ .6 



2.84 


2.20 


61 .46 

182.0 



2.74 




19.42 

J94.5 




2.92 



185.0 

26 . 46 

194.4 

189.0 

0.0163 

2 92 

2.63 

2.25 


62.60 

195.2 



2.96 




19.54 

206.0 



3.00 



195.0 

26 . 69 

202. 1 

l!»«.5 

0.0167 

3.01 

2.73 

2.30 


65.01 

202.5 



3.02 




19.81 

216.4 

210.6 

0.0171 

3.12 

2.85 

...... 

206,0 

27.09 

216.1 



3.11 


2.35 


07.46 

216.6 



3.12 




♦columns 4, 5 and 7 wire calculated for only one value of T corresponding to a Tc 
value. The values are, therefore, indicated against the particular Te value. 
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C o M r A R T B O N WITH THEORY 
Following iho procc'diiro (d Srivastava rt. aL (1963) avc‘ get for the slowly 
reacting system 2 HI ± 1 ; H^-| 

Tr Tr 

-j K, !i:,exmTu~T)]dT I ... (1) 

2'fl 2’a 

whore* .To and T 3 are the mole fractions of HI, Ho, and Jo resjjoctively, K,. is the 
eqiiilihrium constant for the liydrogen iodide dissociation, kj. is the rate constant 
for the reverse* redaction Ho-j-To— > 2 HI, and are the temperatures of the hot 
and the cc>ld surfaces respect ive^ly and (J is givcm by 

(ir^\:lhi{r.Jr,mTn~-TA, - ( 2 ) 

wliere and r.> are the radii of llio (adl-wire and the cell respeclively. 

Furthe'r we have the* redations 

.r, --.r3^(l--.ri)/2 ... (4) 

The experimental values of the oc|uilihrinm constant at eliffeTent tenii>ora- 
tnres arc giveui hy Ste'gniiiller (1910). Sullivan (1959) has given tlio (experimental 
values at- different te'iiiperat-ure.s. The ton j)eratu re* of tlie hot surface, 
can be calculated from 

... (5) 

where Rjj^ and 7 ?^ are* the valuers of the r(*si.sl.ance of the liot at Tjj and T<. 
re'speetively . The* value's of a and some of the* typical valuers of (Kj^ E^) arc giveni 
in Table? I and Table II re'spetetively. 

The? thermal comhictivity of a che*ini(?ally reacting gas mixture assuming 
local cheiiiical ecpiilibrium can be re*presenteMl as 

K =r Kf+Kj,, ... ( 6 ) 

wh(;ro Kj^ is tin- oontrii)ntion of tiie (iheiuical reaction to the thermal conductivity. 
For a .slowly reaetting system A'jj is negligible. How'ever, Kf will depend upon the 
c.liemical I'caction rate as tlie steady state coinposii.ion of the gas mixture (given 
by Kep ( 1 )) in tlui cell i.s dependent on the reaction rate. Kf is given hy 

Kf — K„lix{mon)~\~Kyn^Jl^^nl) ... (7) 

^miximon) thermal con<luctivity of the mixture when it is assumed to 

bo composed of monatojriie molecules only. K^inffni) is the contribution of the 
internal degrees of freedom. The value of was calculated to the firsl^ 
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approximation from the expression criven by Rrokaw’ (1058) and K^i^^nt) ^vas 
calculated from the (‘xpn^ssion given by Hirschfeldt'r (10571)). 

In all our cabuilalions \v(‘ nave used Leimard-.lones (12 : b) potential model. 
The force (‘-onstants for tb(‘ difhu'ent com])onents takcui from Hirsclifi^lder, 
Curtiss and Jiird (1054). Tlu' steady state ceniposil ion at any ])arti(adar tempera- 
ture is yjressun^ independent and its value \A'as obtaiiu'd by calcuilating the inte- 
grals in K(p (1) numerically by using Simpson's one-third nilt\ The experimental 
specific heat values mtiv obtained fiom the standard tal)l(‘s. 

The results thus obtaiiuMl are shown in Table IIF. Column 5 in the table 
gives the eom})ositi{>n as eakailaicMl from Eep (I) with tin* helj) of Eqs. (:i) and (4). 
In column S ot this <,ahle tlu* <'ondu(3tivity vahu‘S for undissociated hvdrogtm 
iodide are given. Comparison of columns (O) and (S) shows that there has been 
a]>preciable dissociation. (\»lunin 4 n'pr(‘sents t]i<‘ tc'nqKU'aturo to which the (com- 
position pr(\sented in (a)lumn 5 A\ould correspond if tluu’e were thermodynamical 
equilibrium. It is to be noU'd that this t(‘inp(‘rature is ahuost (‘({ual t.o the mean 
of T(. and T^. To (‘xamim^ this point furtluT, a hvi)othetical cakailation was 
perforiiKKl for 1% — 175 ’( - and -- 225'’(t These calculations also sliowed that 
the equilibrium tenqx'ratiire was soiu(‘\\hat k'ss than th(^ nu^an of atid Tjj. 
Thc^ actual value of 1\ was found to be 195 C. Tims the average' composition 
corres])onds to a point ni'arcu' t.lu' colder surface' for this cylindriew’il geonuitry 
but for plane' geonu'try Hirschielder found it U) bt' farther from tlu' cold surface, 

ro N (j J. U 8 J O X S 

It may be seen from Table III that the expc'iimcntal values of the thermal 
<',onductivity of the system are consisUmtly higlu'r than the calculated values. 
A part of this discrepancy may 1 k‘ attribut'd to tlu^ t'ffect of the dissociation of 
molecailar iodin(\ A rough estimah' of this (‘fleet shows that the contribution 
due to this may amount, to about at tlu^ highest temperature. 

It should also be iiK'nlioned that in the t('iu])erature range of our present 
measurements the dissociation of III is ijuite small. Eurtlu^r exjieriments with 
this system ov€*r a larger range of temperature will be of mucli interest. 
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“DOUBLE EMISSION OF HEAVY FRAGMENTS (Z > 3) 
IN THE DISINTEGRATION OF EMULSION NUCLEI” 

G. C. DEKA, AKD K. M. PATHAK, 

Dkpartment ok Vjiysh's, (Cotton College, Gauhati, Assam 
(lieccitu'd Aiigusi l.S, 1963) 

Plato I 

ABSTRACT. Among 405 ‘luimmor’ tracks which am ohsoi-ved in Iho ijiteractions of 

4.6 (roV/C iLogativo pions with hoavy omuls ion nut-lei, 12 cases are found, each to ho associated 
with oitiior two ‘harnmor’ tracks ov one hammer and a heavy fragment (^>3). Our analysis 
iiidicatos indopontlent production i-athor tlian associated production of such fragments. 

INTRODUCTION 

For ilie last few yfars it lias been a subjcsit of inter(*st for the workcTS to see 
the einissioii of two or more fragments in an energetic clisintiigration of heavy 
emulsion nucle.i. For instance, Lovera (1949) and Pewkins (1950) looked for the 
emission of double or triple fragments of Z >.‘5 in interactions jiroduced by Cosmic 
llay^s using photograyibic plates; tliey obsi'rved a temlcncy of associated produc- 
tion of two fragments. Gorichev d d. (1961 ) have analysed tlie emission frequency 
of a fragments accompanied Ity one or more fragments and conclud(Ml that the 
fragments are emitted independently''. Gaje^v'ski e! al. (1962) have* studied double 
eTuissiou of Li-*-fragments in the disinbgrations produced by 9 GeV prot.on8. 
They have observed the emission of H double 'hammer’ tracks hi 188 cases. They 
have, however, noticed the indication of indejiendent emission of such fragments, 
the frequency of emission of which depends on the excitation energy of the dis- 
integrating nucleus. While studying the various properties of ‘hammer’ tracks 
and hyperfragments wo also looked for double emission of ‘hammer’ tracks and 
other heavy fragments (Z ^ 3). 

experimental P R O 0 E J) u r e 

Ilford G5 emulsions were exposed to a separated negative pion beam of energy 

4.6 GeV/C at the Berkeley Bevatron. The emulsion stack was processed and 
developed at the Bristol Physics Laboratory. Plates were area scanned under 
low magnification to observe double stars, ‘hammer’ tracks and stars with one or 
more heavy fragments. Altogether 51,609 stars have been examined by following 
black prongs of all the stars up to their end or to the points where they leave the 
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pellicle. Ends of tlio tracks arc closely examined under higher magnification 
for any »srcoii(lary traok. As soon as a ‘hanimer'' tra(?k is seen, the other prongs 
of the stars are also examined earefully for their eliarge. A track produced by a 
particle of (diarge Z ^ 3 can ordinar ily be distinguished from the rest by studying 
(^-rays and ta])p(‘.ring length. Th(‘ particles which leave the jdate are not followed 
further. Jt is because the numbea* of such heavy tracks is small, and they are 
generally too short to travel very far. No star with more than two heavy frag- 


ments is observ^ed in our samjik*. 

Number of stars examined b I ,()0y 

Number of ‘hammer’ tracks 405 

No. of stars with double ‘hammer’ 8 

No. of stars w ith a, ‘hammer' track 

and a heavy fragment 4 


TABLE I 

Details of the events 


No. 

Par<.>T\t- 

star 

mize 

Kaiigi* of l-he tracks 
in niicreiis 

Auglc'i With llio 
})riiuary dir. 

AjTigle between 

tlfwumf'r 

I 

1 1 ammor 

2 

1 

2 

f I'agmeuiR 

1 

I5f2'7r- 

30.74 

50.-(:t 

83.7" 

01.2' 

147.9° 

2 

15 4 O-TT- 

72.57 

31,3.70 

83.0^ 

1 16.0" 

199.6" 

3 

ill 

101 .30 

510. GO 

102.7'’ 

71.8" 

27.9° 

4 

12 1 S-TT- 

2219.0 

210.3 

91.5" 

77.5" 

14.0° 

5 

20 1 Stt” 

J 12,8 

19.2 

38. J" 

68.0" 

30.5" 

() 

19-1-477-“ 

47.25 

110.9 

75.8" 

19.4° 

56.4° 

7 

i7-h47r" 

.35,90 

103.57 

104.7" 

82.1° 

186.8° 

8 

J84-27r“ 

445.0 

J9.5 

20.0" 

54.0° 

34.0° 



llaminor 

Fragment. 




9 

15-^377“ 

J02.4 

33.5 

36.2" 

15° 

51 .2° 

10 

22 -h 277- 

124.7 

70.1 

57.7" 

130° 

187.7° 

11 

15 j 377“ 

3S.7 

45.0 

128.0" 

60° 

68° 

12 

18 1-277“ 

38.84 

58. 1 

43" 

70° 

27° 






Double Emission of heavy Fragments y etc. 9 

Average number of black prongs for differerit types of stars :~ 


For, all stars 14 

stars with one ‘hammer' 13 

star with two ‘hammers' or 

one ‘hammer’ plus one fragment 15 


Microphotographs of two stars having double hammer tracks are reproduced 
in Plate 1. 

DISCUSSION . 

The number of events obtained so far fey us is not sufficient for the investi- 
gation of emission frequency, angular distribution etc. of the fragments. As 
such it is not possible to give a clear cut picture as r(‘gards the manner in which 
the fragmcuits are produced and emitted during such interactions. It is, however, 
notic(Hl that in elev(ui out of twelve cases fragmc‘nts are of unequal ranges. 
This is most probably due to the fact that the fragments are (knitted at different 
instant during evaporation of tl\e excited nucJ(‘us, longer being emitted at 
the beginning and th(‘ shorter towards the end of the process. It is also sei'ii 
from our experimental observations given in the al)ovc table that there exists no 
angular relation between the fragments. Hence it appears as if su(*h heavy 
fragments are emitted independently during the evaporation pro(^ess. 
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ELECTRICAL CONDUCTIVITY OF SINGLE CRYSTALS 

OF ILMENITE 

A. K. MUKERJEE 

Department of Magnetism, Inotak Association for the Cultivation op Science, 

Jadavpur, CalcdutA'32 
(Rf'ccived October 14, 1903) 

ABSTRACT. The olootriml oouduetivities of tiie feiToniagiiotic single crystals of 
rial-urally occurring rhoinbohodral crystals of ilinenite were ineasiirod from room lomporature 
upto 880'^K for currents in the symmetiy plane and in clir(‘ction perpendicular to it. The 
study revealed that (i) the substance is a symmetric, varistor with negative temperature co- 
etliciont' of resistance, (li) the non-ohmic nature of the current -volt ago cliaractoristics vanished 
at about SOO'^K; (iii) two breaks were observed in the log eo — l/'f curve. 

I NT HO DU UT I O N 

Ihnonitu (mainly FoTiO^) in one of tin* (diic'f iron aiul titanium l>(‘aring miiuu’als 
usually found as rhombohedral crystals assotuatod with hematite (^^^ 203 ) and 
magnetite (Fe 304 ). These erystals winch are very hard (H5i- h) have eonchoidal 
fracture and cleavage along {0001} and {0112} (Dana 1(S04). Tlusse have almost 
iron black colour with metallic or suhmetalli(5 lustre. 

The magnetic properties of synthetically prepared jiowdensl samples of 
ilmenite, w'hich are only FeTiO^, have beim studitMl l)y some work(U*s (Chevallier 
et al. 1953, 55; Kume 1955, Bozorth et aL 1957; Jshikawa and Akimoto 195S) and 
have been found to be antiferromagnetic but very few have (Chevallier d aL 1966, 
Bizette and Tsai 1956, Kume 1955) worked with nat ural (crystals of ilmenite which 
is often known to be ferromagnetici possibly owing to the inclusion of some mag- 
netite or a solid solution of some h(3matito. 

The electrical conductivity, on the other hand, has been studied only by a 
single group of workers, namely Ishikaw^a and Sawada (1966) and that too with 
synthetic powdered samples. They worked within the temperature range of 
to 1()73°K and observed that dire(d current resistivity decreased tloroughout 
this range and can according to them be n'presented above room temperature 
by the relation /> = />o where p is the resistivity at any temperature 

within the stated limit andpo and E have different values within different 
temperature ranges of the above limit. 

On an examination of their results it is found that the activation energy 
for a particular sample, has three different values while for others only two such 
values. 
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Electrical Conductivity of Single Crystals of Ilmenite 11 

The values of E within approximately same temperature range of two powder 
samples do not agree. It would appear that the samples being semieonducting, 
surface effects between different grains of the samfJe \vill, as is well known, be 
appreciable. In addition to this tin* direc^taonal effect of ele(‘trioal conductivity 
cannot be observed with powders. It has therefore been decided to study the 
e‘lc(ttrical conduc^tivities of naturally occurring single crystals of ilmenite as a 
j)art of our general programme of studying the different properties of Indian 
minerals. 

The present communi(‘,ation gives a i)reliminary report of observations on 
the electrical conductivities of single (aystals.of natural ilmenite which we obtained 
from the collection in this laboratory of late Prof. K. 8. Krishnan. 

K X P K I M R N r A L 

(a) Preparation of the mw'ples 

Befon^ the samphvs are ai^tually prepared lor eh^ctrical measurements, these 
were examined by X-rays in order to t(\st the reported <!rystal structure and also 
to ascertain the jjerecmtage of the ingredients of the sample, vhich contained 
somewhat more Uian S(l% of Fc'TiOjj. Thim small blocks of the specimen were 
fractured out from a larger single crystal by gently striking and tapping. The 
cleavage occurred along tlie c-jjlam' and these l)lo(‘,ks were ground with fine emerj" 
})owder to thin ret^tangular tabh^ts having tln^ flat faces parallel to the c-plano. 
During the time of grinding the thickness was continuously checked for uniformity 
by a micro]iie1(U' gauge. 

These bloe.ks were then electroplated with copper from a specially prepared 
electrojdating solution. For measurement of elecjtrical conductivity along the 
c-plane, (Electroplating is done oviT aj)preciable areas at the two ends on all sides 
of the specimen and for measuremi'iits in a perpeiidicuilar direction over two flat 
faces only, by coating the unwanted portions with wax. 

(b) Holders for measurement of Comluctimlies 

The holders f(»r measurmnent of ek^ctrical conductivities along and perpendi- 
cular to the c-plane are in principle tlie same as those used by Dutta (1953) for the 
measurement of (conductivities of graphite excepting that for c-plane measure- 
ments point (contact was used instead of flat contaict and for measurements in 
a perpendicular direction the glass insulating bush v'as replaced by syndanyo 
ones. 

(c) Electrical measurements 

The electrical measurements were taken in the same manner as described 
by Dutta (1963) and can bo classified as follows. 

(i) Observation of the D.C. current- voltage characteristic^J along c-plane 
and in perpendicular direction at room and different high temperatures produced 
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in a c^^lindrieal electric oven wound with niclirome wire, giving temperatures 
upto about 1()00°C. 

(ii) Measurement of the electrical conductivities along the above two direc- 
tions at different high tempera tures. 

In addition to these, a test, for detecting the presence of any rectification effect 
has to be madc^ since from (i) above, the current-voltage relation has been found 
to be noii-oliniic at room temperature. This was observed for current along 
botli direction of ih(' crystal. For c-plane a flat contact was placed at one end 
on the flat surlaee of the <;rystal which is eh'ctroplated and a copperplated tungsten 
whisker on tlie same surface at the other end. For perpendicular directions one 
flat surface was entirely elecd-roplated and the whisker was placed on the other 
surface. 


H E S r L T S 

The result of the X-ray examination of ih(' samples revealed that the pn^sent 
mineral (contains more than 80% of FeTiOj, the rest being magnetib* and hema<.it(\ 

The results of various electrical measurements at room temperature as well 
as higher temperatures are shown in the following Table (I) and graphs. Here 
(Tjj and 


TABLE I 

Rlectri(!al conductivitii^s at room temperature 


Samples 

( V)iidiu*l ivity in 


a , 

aj. 

c, 

.38 

.022 

<'2 

.11 

.016 

^'3 

.20 

.018 


o-j. repn^sent the el(‘(*,tri(\al condmdivities along and perpendicular respectively 
to the c-plane. 


D I S 0 IT vS H I O N 

Tt is observed from the results of measurements (Fig. 1-4) that at room tem- 
perature for currents passing both along and jierpendicular to the c-plane, the rela- 
tionship lietwcen the current passing through the crystal and the corresponding 
voltage drop across the specimen is non-ohmic. In view of this finding the samples 
were naturally tested for tlu? presence of any rectification effect in them and it was 
observed that for currents along both the directions (along the plane and perpendi- 
cular to it), the current— voltage characteristic though non-ohmic in nature is 
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Fig. I. Curront-Voltage charaotorisbics for throo cryntals in the c-plano with 
extended contficts at both ends. 



Fig. 2. Current-Voltage characteristics for three crystals perpendicular to the 
o -plane with extended contacts at both ends- 





u 
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Fig. 3. (Uirrent-Voltago characteristic in the c-plane with extended contact at one 
end and a point contact at the other fV»r direct and reverse currents 


pra(?tioally symnietrical f(jr botli forward and backward ourronts. Therefore 
the »aniplos which will be shown subsecpiently to be semi-conductors are symmetri- 
cal varistors. 

For finding the electrical conductivities at room temperature, the conducti- 
vities are (^ahuilated in the usual way from the linear portion of the current-voltage 
characteristics at very low voltage. Following this the values of 0*11 and otj. 
have been obtained for room temperature. It is observed that the electrical 
anisotropy i.e. is sufficiently large i.c. about 15. 

The current- voltage characteristics reported above have been studied at 
different high temperatures an<l it was observed that the non-ohmic nature 
gradually decreased as the temperature was raised and ultimately vanished about 
500°K and thereafter the behaviour was jjerfectly ohmic (see Figs. 5, 6). 

The conductivities at differen t temperatures were obtained so long the behaviours 
wen^ non-ohmic in the manner already indicated. From a study of the tempera- 
ture variation of the conductivities (log ^(t versus 100/r, see figs. 7, 8), it is observed 
that there are two distinct breaks in the curves at which both cr\\ and (Xi undergo 
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Kic. •). tiuiTont-Voltago ohiiracteriHlics porpunrtinul.ir po the i!-plun(' with extended 
eontaot at one end and point contac.t at the other for direct and reverse currents. 

very sliarp cliangcs. The ioiuperaturos are quite sliarpiy marked ami the cumlucti- 

vitios perfectly rcve.r.sible with temperature. It has been n(.)t yet ])ossihlc to a.sst.- 

ciate the breaks with any other physical properties. Moreover, it lias been found 



Kig. 6. 


MIbLI AMPS 

Current- Voltage charaoteristics in o-plane at different temperatures above 
room temperature with extended contacts at both ends. 
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MOLECULAR ORBITAL THEORY OF TRIGONALLY 
DISTORTED [Co, COMPLEX 

L. C. JACKSON* AND ]\. RAI 

Dkpaktmknt of Magnetism, Indian Asso<tation foji the (Juj.tivatjon oi’ Scjkn(^e, 

(Uu’i tta-32 

(Rvcrivvd January 0, 10G4) 

Under an o(dalu‘dral Held of type 0,^, ground state of ion sj>liis 

up into Wo triplets and a singlet of siiecH'Ssively increasing (energies. 

Tliere is another term ^P(^T^g) arising froni the same configuration Jr/’ f)f the fre(‘ 
ion, Aviiicih lies about 20,000 eni"^ above ^2\g in crystals (Abragrajn et ah 1951). 
So tluit the lo\v('st triplet state contains an admixture of through tlie effective 
orbital Landc (/-factors a, of (Bose et ah 1961), which are a{)preciably different in 
crystals from the value 3/2 for the fn^e ion P-state. For trigonal distortion of the 
octahedron, the appropriate Hamiltonian is given by 

H ^ Vtri0^'OiUi^5^ }~0t\u^Si: + UrjSyj) 

where the effect of Spin-orbit interaction takes tlie form il(w-s)^ (Bose et ah 1960). 
Operating above Hamiltonian over the appropriate trigonal orbital states lor th(j 
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lowest triplet (Bose, et ul, I963) fonucd by mixing of the central d- and surround- 
ing j)-orbitals, we get the energies and wave-functions for lowest six Kramer’s 
doublets, ready for magnetic perturbation. 

Thus we have derived a very complicated expn'ssion for the principal ionic 
magnetic susceptibilities Ki(i — l| or J_) along and perpendicular to the trigonal 
axis of the OoSiF^, GHjO single crystal, whi(rh is identical for the single trigonally 
distorted [0o*+ complex in the unit cell sp.gr (Pauling 1930) on the basis 
of molecular orbital theory of Stevens (1053), Bo8(' et al, (I960) and compared 
our theoretical with the experimental results by one of us (L.CJ.). 

We had to increase the trigonal field coefficuent A with temperature, from a 
value of 830 cm~’ at 1.67"K to 952 cni'’ at 90°K and then decrease it to 560 c.m~^ 
at 290 .4°K: the values for th(^ spin-orbit coupling coefficient we have to take 

— 137cm~’ and = • 130 cm' ‘ instead of free ion value — lS0cm“’; 
the other parameters — the effective orbital Lande factors a — 1.242; a' — 1.495 
and orbital rediudion factors Ic^ — .975 = .93. 

The anisotropic reduction in spin-orbit coupling c.ocificient is due to overlap 
of the 0o®+ charge clouds Avith a and p ligand (sharge clouds. The increases in A 
below 90°K is, as obw'rved earlier, due to tlnmnal exj)ansion or relaxation effects 
but the de(;rea8e ab<»v(! 90“K appears to be due to some kind of phase transi- 
tion reversible in character, evidence for which is available from some of our 
recent measurements between 9(f A' and A’ (Mazurndar ct n/). Details of the 
theoretical developments and experimental result.s will be published elsewhere. 

A G K N 0 W L E D G M E N T 

The junior author (R. R.) is indebted to Prof. A. Bose, D.Sc., F.N.I. for 
suggesting the problem and guidance in the work. Many valuable discussions 
and suggestions by Dr. R. Chatterjee are also gratefully aiiknowledged. 
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A SHORT NOTE ON A TRANSITION IN CHROMIUM 
POTASSIUM SULPHATE ALUM 


S. MITRA ami S. K. UITTA ROY* 

Dbpahtmbnt of Magnktism, Indian Assoi’Iation for the (Cultivation of Science, 

(Calcutta-;]^ 

{deceived December 13, 1904) 

The single crystals of chrome alum 0rK(S04)2l 21120 being of the cubic class 
show no external magnetic anisotropy. Th(' effective mean square moment (2)f^) 
when smoothly plotted against temjierature is very nearly a straight line with 
a small slope to the temiierature axis (See Fig. I, de Haas and Gorter, 1930; Serres, 
1932) owing to the contrilmtion from high frequency paramagnetism. However, 
a small curvature with a flat minimum is found in this curve near which is 

confirmed by Dutta Roy (1951)) from his close and more accurate oliservation 
betwiRHi 200 ' K ami 100^ tv with m(‘asurem(mt at 20'' intervals. Some anomalies 
near 200‘^K in dieh^ctric absorption (Griffitlus and Rowell, 1952) and paramagnetic 
resonance (Bleauc'y, 1951) and a multiplication of lines in absorption spectrum 
from 29(R to 77^K (Speding and Nutting 1934. Krans and Nutting, 1941) have 
also been reported. We hav(‘, therefore, undertaken a detailed investigation 
of ehronie alum with a muv modifled Curie balaiKx* and ri'fiiu'd (uyostatic sj^stem 
(Bose et a/., 1903) by nu'ans of which very aeeurate readings of susceptibility 
at intervals of a fraction of a degree can be taken. Thcjcy^ T curve is shown 
in Figure 1 , 


0 dutta BOV 
□ De HAAS ANDCOBTCBl 
• PBESCNT AUTMOBS 

,(5- ifco — i^o rfo ite ite ■ ' 300 >>6 iio jto ao ' ‘ 'oo 

Temp. (°K)-> 

])f- - -T oiirve for CrK (S 04 )a . I 2 H 2 O. 

The general nature of the curve, is same as that of earlier workers. But a 
sharp discontinuity in the curve is clearly shown at 192.5“K which the earlier 
workers missed as they took readings at/ comparatively large intervals though 
departure from linearity in this region was apparent. The above transition 

♦ Formerly Pool Officer, Govonimont of India; Present address : Department of Physics 

Indian Institute of Technology, Kharagpur. 
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is exactly reversible and reproducible with rising and falling temperatures. 
The deep violet colour of the crystal was observed to become light pink after the 
transition. The change in colour was also exactly reversible. 

A detailed report of the work will be published very shortly elsewhere. 
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VALIDITY OF THE PHASE SHIFT CALCULATION OF 
ELECTRON SCATTERING BY BRYSK METHOD 

I). M. BBATTA(1TIAIIYA and N. SIL 

Dkpautment or 1 heouetical J'iiysics, Indian Asso(tatiun for the (\iltivation of 

S('tKN('E, .lADAVPUir, (\alctjtta-32 
{Re(rh)c(l, October 21 , 1903 ) 

For a central jatfeniial V(r) (lie Born relation for the determination of [thast! 
sliifts of elastic scattering is 

OP 

- "Jr f rm-^)Y{r)dr ... (I) 

0 


wlUTCJ k 


{2m E)^ 


, A' and marolhcunert^y and <1)(‘ inassr(‘sp(‘(;l.iv(‘lv^of tlicincident 


jiartiiile. ji{k)^) and i/i{kr) are tin* .spherical JJessel and Neumann functions res- 
pe{;tiv6'ly. Brysk (1902) lias given an iinproviMl niodifii^ation of er|iiation (1) 
wliieh i.s as follows 



Brysk after comparing tin' values of .<J-wavi‘ phase shift obtained from tlio 
above relation and from exact caliHilation for the ease of sipiare well potential has 
found that e(|uatioii (2) can be used to extend th(' calculation of 6*-wave phases sliift 
to much lower eiiergit‘.s where relation (1) fails totally and for higher energies 
relation (2) gives alway.s Ixdter approximation than (upiation (1), at very high 
energies both the equations give the same exact result. 

It may be worthwhile to investigate how tlu' Brysk method fares for potentials 
other than tlio square well, for a .screened coulomb potential as in the case of 
He atom, wo have calculated and (^, for incident energies at 5 e.v., 13.5 e.v. and 
121.8 ev. and have compared our theoretical valm^s with those obtained by Born 
relation and the exact values obtained by Mi^. Dougall (1932) by numerical method. 
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For He atom the field given by Hartree has been used. The integrals involved 
in the Brysk formula have been evaluated numerically and the results are tabulated 
as folio w"s. 


TABLE 



So 




6i 


in ev. 

Pri^sorit 

Born 

Exact 

Present 

Born 

Exact 


values 

values 

values 

values 

values 

values 

6 ev. 

2.329 

.380 

1.659 

.025 

.013 

.020 

13.5 0V. 

2.01 

.57 

1.40 

.094 

.04 

.07 

121.8 ev. 

1.21 

.75 

.90 

.44 

.24 

.27 


A comparison of our calculated values with the values obtained by using Born 
relation and the exact values shows that both for and the Brysk method is 
somewliat superior to Born-approximation at 5 ev. and 13.ev.; but it fails to give 
a satisfactory result at 121.8 ev. whore Born approximation gives values nearer 
to exact ones than does Brysk one. 

Brysk has pointed out that it is not possible to assign a priori the limits of 
validity of the method and the probable error. He has, however, mentioned that 
his method should hold fairly good for a short range potential. In our case 
of the screened coulomb held, the Brysk phases exceed the values obtained 
exactly, whereas the Born relation gives results which are always less than the 
exact values. 

Because of the rather slow decrease of the integral occurring in the denomi- 
nator of equation (2) the values of the phases as given by the Brysk method is 
considerably liigher than the exact values even at the moderately high energy of 
121.8 ev. It may however be remarked that at very high energy where the value 
of the integral apjH oaches zero, this approximation is expected to give result 
quite similar to that obtained by Born relation. 
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A NOTE ON THE TRANSFORMATION OF MANGANITE* 

D. II. DASGUm 

GsOLOaiCAIi SUKVEY OF INDIA, 29 OnOWIUNlJIFEK, (’AIA’UTTA-Hi 
(Beceived, October 10, 1903) 

Plate II, III and IV 

The transformation of manganite during feeat treatment lias been studied 
by x-ray diffi-action using single crystals. It observed that a single crystal 
of manganite transformed into a single crystal of pyroliisitc (MnOj) and tlum 
into a twinned crystal of Mn^Og at 300'’C and SOO^C jes])eetively. Tlie rotation 
photographs of a single crystal of manganite, before and after heating, are 
shown in Plates II-IV. All these photographs show that there are definite 
oriented relationships between the original and tran.sformed phases. The rela- 
tionship between manganite and pyrolusite has been found as follows : 

[100] 1 I [KKl] 

Man Pyro 

1010] 1 1 [Oioi 

Man Pyro 

[001] I I [001] 

Man Pyro 

Assuming the structure of manganite as tiiat proposed by Buc^rgiT (1JK3()), it can 
be seen that the transformation of manganite to pyrolusite (rutile like structure) 
took place by the removal of H from OH ions presiuit in tin* manganite structure. 
This process would reduce the axial parameters i!\ the a and r directions of manga- 
nite by one half together with a contraction along the b direction. The posvsibi- 
lity of removal of H from OH ions has been proposed by Bernal (19b0) in the case 
of manganese oxyhydroxides where hydrog('n can enter or k'ave a system when 
there is a corresponding valency change of the positivi^ ions. Recently, Feitk- 
necht and his co-workers (1960) have shown that when MnO^ is reduced by N 2 H 4 , 
topochemical reactions take place by the migration of electrons and protons 
through the lattice without changing it much according to the following equation: 

MnOa+ne''+nH+ Mn02«n(OH)n 

In that light the transformation of manganite to pyrolusite is just the reverse 
reaction. 

Locality : — llfeld» Herz, Germany (Indian Museum, Reg. No. P. 57). 
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The n(‘xt reaction, i.('. the tranKfonnation of pyrolusite to MngOg, also shows 
orientational relationship, A careful examination of Plate IV reveal that along 
the zero layer line sharp spots due to the reflections from 200, 400, 600, 620, 640 
and 800 planes ocmir on the powder diffraction lines. The occurrence of these 
spots on the zero layer line indic.ates that the rotation axis is parallel to one of the 
crystal! ograpliic axes of th(^ cubic crystal. Tliere are also streaky spots along the 
zero layer lino due to reflections from {liho) and {hhl) planes. This is due to the 
fact that the rotation axis is also parallel to one of the [llOJ axes of the cubic 
crystal. Periodicities, corn^sponding to [100] and jllOJ directions, are also 
observed in the same photograph. Thus, like cryptomelane to Mn 203 transfor- 
mation (Fauling, Zwicker and Forgeng, 1060), the oriented relationship between 
pyrolusite and Mn .203 can be written! as 


[1001 1 1 

[ 110 ] and 

[ 100 ] 

Pyro 


MnjOa 

[OlOJ 1 1 

[IIO] and 

[ 010 ] 

Pvro 



[ 001 J ■ 1 1 

[OOiJ 


Pyro 

M.n 203 



However, the comi)lex nature of the MugO.., siTuciure, witli different orientations 
of the MnO« octahedra within it, stands in the way of understanding the. mocdia- 
nism of the transfonnation. 

The work has been carried out in the Mineral IMiysiiJS Section of the Central 
Petrological Laboratories of the (Tleologi<;al Survey of India. The author is vt^ry 
mu(jh grateful to Dr. M. V. N. Murty, Superintending Geologist, for his sincere 
encouragement during th(‘ progr(\ss of tlie work. His thanks are also due to all 
his colleagues for various helpful discussions. 
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ON NUCLEAR BINDING ENERGIES 

A. K. DXJTTA, B. PAL, P. GANGULY and D. BANERJEE 
Palit Laboratory of Physkjs, OjtLCUTTA Univfhsity 
92, Aoharya Prafuiua CnANDfiA Hoad, Cal-9. 

(Received January 10^ 1964) 

In a previous eommunioation, (Dutta and others, li)63) the relationship for 
the binding energies of the most strongly bound nucilei of different mass numbers 
have been obtained in the form : 

E^B{A)^-F{Z)^-F{I), ... (a) 

a combination of base function an<l two periodic functions in nearly opposite 
phase. 

It had been indicated that some modification would bo necessary to make 
them correspond ttt the nuclei with optimum energy and optimum neutron number. 
Modifications have also been found necessary to satisfy the requirements of the 
weakly bound nuclei and exoitf'-d nuclei, where on(^ of these p(»riodic functions, 
F(7j), plays an important role. The modified equations, given later on. obtain 
the positions of the minima and the maximsi as well as the associated amplitudes, 
slightly varying from the previously obtained values. The maxima, and minima 
positions in mass numlmrs of the periodic function F(Z) and the amplitude 
at the corresponding positions, are tabulated below : 


mm 

max 

min 

max 

min 

max 

mm 

max 

mm 

max 

16 

27 

40 

61 

90 

117 

140 

177 

208 

237 

16.7 

10.9 

10.9 

10.9 

16.7 

10.9 

12.5 

10.9 

16.7 

10.9 


The binding energies of the set of nuclei of a particular (xld mass number 
as well as those for the oven-even nuclei of an even mass number, are known to 
be determined by a relation of the approximate form : 

... (b) 

where is the optimum neutron number for the given mass number and p is 
the neutron proton exchange energy. It is also known that a simple quadratic 
relation of this type, with constant J&q, p and values, does not work satisfactorily 
for all the nuclei of a given mass number, when the isobaric nuclei are large in 
number. We have kept the quadratic form and havo tried to obtain relations 
for the changes in and values with N. 
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In accordance with tlie quadratic form of relationship, the y^-valuos for odd 
mass nuclei are d(^torjiiined the mean deviation of tlio (uiergies of the nearest 
isobaric neighbours on the two sides, from the energy of the most strongly bound 
one, obtainable from available tables (Konig ei aU 1962). Thus, wlion x, \ —x 
and 1 l-.r arc tlio fractional and nonintregral numbers to measure the changes 
in neutron numbers of the most strongly bound one and its neighbours from 
the optimum luuitron numl)er, the mean energy deviation from that for the most 
strongly bound niieku would be given by 

mu -xy^-x^} - P (c) 

The Nq values corresponding to it and named as Nq* are determined from the rela- 
tionship, 

\-N,) (<l) 

which follows from the relationship, 

E,- E, --- N„y^ ^{N,- N^y-} 

a consecpience of ndation (1)) with iV’g = 

It has been obtained that the p values and the values, calculated from the 
nearest neighbours of tlie odd-mass nuehu are composed of two parts : a function 
p{A) or jVq*(A) dependent on mass numbers only, superposcxl by contributions of 
a periodic function, P(S) or ^q*(/SI), y?(/V) have been subdivided into three com- 
ponents p(Si), p{S.A and P(S.^. The periodic function F(Z) with modulated ampli- 
tude gives the PlS^) vahuis There is a strong enhancement of the P(aS) values 
at the minima of tlie function F{Z) which is represented as p{S^, A combinational 
efh^ct of the maxima of the F(Z) function and minima of the F{J) function, give 
further minor and irregular decrease in /i-values near F[Z) maxima positions, 
represented by The effecit of F(l) minima may be better described by 

specifying the nuclei, that comes back to the periodic curve maxima. 

The /^-values (talculated from next to nearest neighbour for odd masses, as 
also from tlio even-even isobaric nuclei, generally, agree. It also shows that P(8y 
part of the p -values decrease with larger AA = | JVq— iV' | values. It is expressed 
by the factor o*(AjV), in the following. It implies that the effect of the superposed 
periodic striKJture becomes weaker, as we go away from the optimum-neutron- 
number condition of the nuclei. 

It has also been noted that values change to larger magnitudes as we 
increase A A values, implying a larger percentage of optimum neutron number, 
corresponding to weakly bound nuclei. 

For the odd-odd nuclei, we can take the value as the mean of the values 
of the previous and following odd-mass nuclei. It enables one to calculate p 
and E\ values from the two equations obtained from relation (b). The p values^ 
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so obtainod. aro in g6U6ral agreement with the values expeeted from the previous 
and the following mass number’s /i values. These y? and values enable 

one to calculate the value hu the evfen-civen nucleus. It gives us the 
correction C'qq = E y, ior the odd-odd nuclei of any particular even-mass 
number. 

It may be observed that the enhanconjent and decrease of fi values at the 
minima and maxima of the F(Z) curve, is alike in nature to general excitation 
characteristics associated witli potential energy levels and indicates the possibility 
of correlating mndear oxeitation with the /?.valu(‘S. This has been taken up in 
the next ctommunication. 

The complete! S(>t of relations and the tabulated experimental and (talculated 
values for all the isobars of some mass numbers are given below, as prntotj'pes. 
Small adjustments of the relations are exj)ected to give a closer agreement. 

Rehlions E — E^-ypiN—N^Y 

( 0 ) ^]h^A)-\-F,-\Fj^-P{N 

■ = B(A) <!os nf(Z)—ai cos n {f{Z)-\ 

- 1 - {/U) \-<r{^N).:^p{Si)}.{N-N„*■\-v(^N)y^ 

where, 

(1) £(.•!) := - 9.82H.1 4 8.877 x f f'o mev. 

r(rf) -- 32 . 2 : ^ 33 . 0 ; C(<m>) ^ 344 - 804 "' 

(2) No* = .6302.-1 - -0.12874 • exj)( -7.9.o X 10-* • 4 )-.0U1554 X 

co87r{0.794 sinh.0372(4 -104)}{1 -tanh.6(4 -4.7)} 

X {1 — tanh.()(4 — 14.7)} 

V(AN)^0.1 I No*- AM -9.1 

It gives the increase in percentage of neutron number from about 60 
at lower mass numbers to 6.3 for higher mass numbers with a superposed 
periodic variation in the range of mass numbers 40 to 160. 

/(Z) ^ — 051-) .0.3394 -2exp-1.18xl0-«.4-'40.3. exp— 3.43 
X 10-4(4- 140)4 

(3) ^ 10.9 -2.9 [sinTr 0.6/(.Z)-Si exp ~af(4 -Ai(Eg. min)*] 
aj =- lO-t-2.9 sitiTT (.0084) f 2.3 exp-2 X lO"* (4-200)* 

^ = — 0.11 -t-. 13.7 C0S77 {o; sinh />j(4— 4o,)} 

[aj = T = period in mass number of F^, at the zone concerned. «{, bf are 

associated constants with for one period about A^i only. Associated cons- 
tants (4„f; 6^; a,) are (70;3.42xl0-4 0.106); (186; 7..317 X 10"*; 0.226) and (266; 
8.625 xl0-«;^0.0636)] 
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(4) «4) = 67.^-expi(4-52) 

(TiAN) = 0.6+0.6 tanh (1.6-8AJV) 

A('S'i) = {0.96— .6 tanh .06 (j 4— 30)— .25 tanh .12(.4 — 146)} cos nf{Z) 

^{S,^) — .OSa^exp —yi{A--Ai{Fi min)}* ^ 

= —{.46— .15 tanh (.4—140)} exp —yi{A'—Ai{Fj max)}* 

[yj = SO/T* i4' refers to mass numbers 27, 31; 59; 113-116, which are 
affected by F^ max Other nuclei in the regions obtain balanced effect due to F^ 
max and Fj min.] 


TABLE I 


Ele- 

ment 

A 

_E 

(exp) 

mev. 

(cfl) 

mev. 

Ele- 

ment 

A 

-E 

(exp) 

mev. 

(cS) 

mev. 

Ele- 

ment 

A 

-E 

(exp) 

mev. 

(cS) 

mev. 

0 

15 

106.5 

108.3 

Se 

74 

042.9 

642.7 

Er 

170 

1379.0 

1379.8 

N 

16 

115.6 

116.7 

Br 

74 

636.1 

635.1 

Tm 

170 

1377.8 

1377.6 

0 

16 

111.9 

114.4 

Kr 

74 

631.2 

630.8 

Yb 

170 

1378.0 

1378.7 









Ln 

170 

1373.7 

1373.6 

C 

If) 

110.8 

112.5 

Br 

85 

737.4 

736.0 





N 

16 

118.0 

118.3 

Kr 

85 

739.6 

738.6 





0 

10 

127.6 

128.1 

Kb 

85 

739.3 

738.0 

Tl 

210 

1640.9 

1640.3 

F 

16 

111.2 

111.9 

Sr 

86 

737.5 

737.6 

Pb 

210 

1645.6 

1645.8 









Bi 

210 

1644.8 

1644.5 

S 

35 

298.8 

297.6 

Y 

85 

733.7 

734.2 

Po 

210 

1646.2 

1644.0 

Cl 

35 

298.2 

297.3 

Mo 

99 

852.0 

864.1 

At 

210 

1640.6 

1639.6 

Ar 

35 

291.4 

292.4 

To 

99 

852.6 

854.4 

Rn 

210 

1637.3 

1637.1 

Sc 

50 

432.3 

431.8 

Ru 

99 

852.1 

853.5 

Pa 

235 

1783.2 

1784.2 

Ti 

50 

437.8 

437.8 

Kh 

99 

849.2 

850.3 

U 

236 

1783.8 

1784.2 

V 

60 

434.8 

434.6 

P(1 

99 

844.6 

845.3 

Np 

235 

1782.9 

1783.4 

Cr 

60 

435.0 

434.9 

Te 

130 

1095.5 

1096.3 

Pu 

235 

1781.0 

1780.8 

Mn 

60 

426.9 

425.3 

I 

130 

1094.7 

1094.8 













Am 

245 

1841.4 

1841.3 

Ga 

74 

640.8 

640.5 

Xe 

130 

1096.9 

1097.0 

Cm 

245 

1841.5 

1840.9 

Ge 

74 

645.7 

645.2 

Cs 

130 

1093.1 

1092.8 

Bk 

245 

1839.9 

1839.0 

As 

74 

642.3 

642.3 

Ba 

130 

1092.8 

1091.6 

Cf 

245 

1837.6 

1836.9 
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AN ANALYSIS OF THE J-PHENOMENON IN X-RAYS 

Part I. 

HIRENDRA KUMAR PAL 

Department of Puke Physics, (‘AiA’CrTT\ Univehsitv, Caja i tta. 

[Eeceimd January $, 19611) 

ABSTRACT, lii this pupor rtix atiernpl has boon maclo to study aomo aspects of the 
J-phenomenon in Xuays from au analytK'al point of \'iew. Some of the priiK'ipal features 
of the phenomenon as well as the conditions governing thi* ociTirronce of the M -discontinuity’ 
in tvso kinds of ('xpernnents have been discussed. It has been shown from thooreti(*al cousi- 
di'rations that the (dfecl together with the associated ieatui*es, is (‘xaclly what is (expected 
under suitahle cinnimstances. Barkla‘s concept of * levels' of X-ray activity lias not been 
considered in the present analysis. 

I N T K O D U C T I 0 K 

It is well know n that Barkla and his collaborators had observed under certain 
conditions disctontinnitit^s in X-ra>' absorption wliitdi at first were considered as 
ati evidence of a /-vseries of characteristic X-radiation. It is also well known that 
lattT invt'stigations led Barkla to discard this vit^w but Tuanv in(‘ontrovortible 
facts w'(‘re then^ which baffled ex})lanatioii and Barkla classed tluun under tlu' 
uaui(‘, “J- phenomenon in X-rays”. 

The experiiueiital results of Barkla. ef (il, relate mainly to the absorption ol 
heterogimous X-rays by rnattcu-. The two methods w Inch wert' usually followed 
may be deseribed as follows : 

I. The mass-ahsorption eoeffieient of a heterogimeons beam ol X-rays, 
from whi(jh the softer cfmstituents had been eliminated by filtration, was deter- 
mined as usual in twTi testing substances. The jienetrating ])o\ver of the incident 
beam was progressively increased and the mass-al)sorj)tion coefficients in two 
substances were measured for eacli peiudrating power. They were thtm plotted, 
one against the other in a graph. 

ri. A heterogeiKMuis beam of X-rays w as progressively hardened l)y passing 
it through an increasing thickness of a sheet of .substance. The mass-absor|:)tion 
coefficient of the transmitted beam wtis then determined in either a similar subs- 
tance or in a different substanee and was plott(‘d in a graph against the percentage 
of the incident radiation absorbed by the filter. 

In the above two methods, the mass-absorption coefficient of the heteroge- 
neous beam in any testing substance was measured in the usual way, i.e., by 
placing in its path, sheets of the testing substance and adjusting their thickness 
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till there was a 50% reduction in tlie intensity of the beam. If t represented 
tlie intercepting tliickness, then the average mass- absorption coefficient would 

be given by ] === - log^^. The range of values for f ^ ) employed in the 
\ pi t \ p Ial 

experiments under review was generally between 0.5 and 1.8 approximately, 

the corresponding wavelengths being nearly O.^oA and 0.48A respectively. 

In both these nu^thods, the graphs obtained can be classified as two distinct 
alternative cases, Cases A and B, In Case B, the graph was a continuous straight 
line and in Case A there wim* two and sometimes more, straight lines intervened 
by one or more discontinuity or discontinuities. The discontinuity or disconti- 
nuities observed in Case A constituted a notable feature of Barkla’s J-pheno- 
menon in X-rays. 

The t/-discontinuitios had been observed tijues without number under various 
experimental conditions. It had b(‘en observed with an int(uuse, narrow^ pencil 
of primary rays, or a weak, wide pencil of S(^att(ir(‘d rays; with liotorogeneous 
radiations or approximately homogeneous radiations; with highly polarized or 
impolarized radiations; with the same tube, but rays proceeding along different 
directions or with different tubes excited in similar or different ways. It had 
been observed by different investigators with different testing substances and by 
various testing methods. Again, under precisely the same conditions, it had not 
been observed by others and even by the same observers. 

The principal features of the diBcontinuity-plieiionienon may be outlined 
as follow s : 

(i) The discontinui tv -phenomenon, when it o(^curred, occurred at a critical 
penetrating power of the radiation (as measured by the mass-absorption coefficient) 
which w^as characteristic of the testing substamn' and independent of thcj previous 
history of the radiation. The critical penetrating power changed slightly wuth 
the material of the testing element. 

(ii) A number of discontinuities called ... etc., each at its own 

critical frequem^y, was observed, 

(iii) The discontinuity was very abrupt. 

(iv) The discontinuity or discontinuities depended on some factors which 
could not be identified. 

Amongst those who reported failures to reproduce the /-discontinuity were 
Dunbar (1925, 1928), Worsnop (1927), Alexander (1930), Backhurst (1932) and 
a few others. Their results represented only one of the two alternative cases 
(Case B) and could add nothing to our knowledge. Such a result was neither 
more nor less real and hence could not adequately prove or disprove the pheno- 
menon itself. 
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In order to explain the phenomenon, Barkla had introduced a now (ioncept 
of two (or more) discrete ‘levels’ of X-ray activity (absorption) and postulated 
sudden transformation, under pmper circumatancos, from one ‘level’ to another, 
depending upon the complex heterogeneous beam taken as a whole. This conc^ept 
was not however acceptable. Harkla hiinself had admitted a number of times 
that much more experimental w'ork would ])e nec.essary for any final explanation 
whi(;h would be convincing. 

In the present investigations, an attempt has bc^cn made, on the basis of the 
het(^rogeneity oi the X-ray beam, to give a consistent and comprehensive inter- 
pretation of all tlie experimental results which had Ixhui obtained l^y Barkla and 
his collaborators. It is significant t hat it has not been m*cessary to invoke Barkla’s 
new cf)ncept in the interpretation given by the author. The present pa])er d(ials 
with the results of exp(‘-riment.al iiivc^stigations, embodied in the pa})er on ‘‘The 
J-phenomenon in X-rays — Part I” by Barkla (1925). 

THEORETICAL C O N S T I) E R A T I O K 

A mathemati(;al treatnuMit of the problems on het(Togeneous X-rays, is 
(‘xtromeJy difficult in view' of the fa(‘t that tln^ bevam con(?ern<xl covers a wnde 
range of wavelength lying betweem a known 1 ow(t limit and an uncertain upper 
limit and also because the energy -<listribut ion over this range is not known with 
a]iy degree of precision. Besides, the distribution fumjtiou itself may also vary 
fi'oiri tube to tube, depending on many factors. 

Truly speaking, there is no one w^avckmgth for a lu^terogeiKHuis bi^am. Yet 
for th(^ sake of eonveiiient refereiici*, it is customary t-o assign to it, wbat is called 
an ‘equivalent w^avelength’, based on its mass-absorption (joefliicient in some 
substance, as though the beam w'ere monochromatic. This is not entirely satis- 
factory. As the absorption coeffieiimt itsc'lf is determiiuxl somewhat arbitrarily 
(from a 50% reduction in the int(Misity) and as it varies with the nature ot the testing 
element, the wavelength deduced from it should naturally be arbitrary to some 
extent and dependent on the testing material. However, the most- important 
point for consideration is the fact. that, by this process of measurement, the very 
structure of the radiation is changed and tlie change is different with different 
testing materials. Thus the spectrxim of tlu^ radiation enuTging from the testing 
substance is different in minute details from that incident on it. As the emergent 
beam is richer in harder rays on account ol* the great(T absorption of the softer 
constituents by the material of the tester, the average or the 'equivalent’ wavelength 
on the emergent side is definitely shorter than on the incident side. Under the 
circumstances, the question naturally arises : To which portion of the beam, 
the incident or the emergent, should we ascribe the mass-absorption coefficient 
determined experimentally? Although the usual convention is to attribute it 
to the incident portion, the emergent one has an equal claim h'* Such a 
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problem, of course, does not arise in the cast^ of a perfec^tly homogeneous beam, 
where the emergent beam is identicjal with the incident beam, except that it is of 
less intensity. A little reflection will suggest that, for a lietcrogeneous beam, 
the mass-absorption c.oefiicient should belong neither to the incident side, nor to 
the emergent. More appropriately it should correspond to an intermediate 
wavelength whicli the beam has somewhere inside the testing absorbcT. 

The Effective Wavelength of the heterogenennfi radiation 

This intermediate wavelength, whi(‘li shall call ‘effective’ wavelength 
X^ff can be interpolated from the following relation holding good between the 
mass-absorption coefficient and the wavc'huigth of a monochromatic radiation, 
lying within the range of wavelengths with \\hich we are coiu^erned : 

-=A \ m» ... (1) 

p 

This is a linear relationship betw'een ////> and A**, w'hen^ A and B ar(> (‘onstants 
depending on the nature of th(» testing material. Tlie t*onstant A may also depend 
upon the geometry of tlu' measuring arrangement. Th(‘ ap])roxinu\te values of 
A and /?, computed for aluminium and coppeu* from the standard data obtaiiK'd 
with a narrow pencil of X-rays, may be written dowm as follow s : 

Aluminium A = 0.125 B — 14.1 

Copper A 0 7?-: 153 

The 'Ducrepancy' between the Effective Wavelength and the Average Wavelength , 
We have now to prola* into tin* niation (torrespoiiding to (1) betw(‘en the 
measured (p>lp) and the average w avelength A' of the incident spectrum of a hetero- 
geneous beam of X-rays. This average^' wavelength is to b(‘ n^garded as inde- 
pendent* of the testing material. Obviously tlu^ ‘effective” wavelength A^yy falls 
short of the “average” wavelength A' by a quantity ‘c’ so that 

e ... (2) 

Let e be (jailed the ‘discrepancy’, whicjh is neccsssarily a fumjtion of A' and 
the nature of the absorbing material. For a moriochromati(; radiation, e is (jcpial 
to zero, and for Iiard, filtered and heterogeneous radiations (such as wore employed 
in the experiments under review) it is calculated to be small. Further, so long 
as the average wavelength of the latter remains unchanged, alight variations in 
their microscopic structure will be auj^posed to produce only a trivial change, 
if at all, in e—a change of second-order smallness wdiich will be neglected. 

♦Perhaps the ‘average’ wavelength \' here may be best defined as follows ; A ' = ~ 
where the average frequency v' — (S n.h. v/(A.Sn) — Total energy/(/i x total number of photons)* 
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Now, satisfies the ecjjiiation : 

^ ^ vvhioli ill view of (2) 

becomes : ^ A+B(X' -ef' 

P 

— - -f — He/A'), sin(;e « << A' 

Deleting the dash upon A for the sake of (joiivenienee, we sliall henceforth write : 

^--A+BA^il-HflA) ... (.3) 

wliere A means noM aiul hereaft(‘r the ‘av(‘rage' wav(‘lengtli of tin* incident radia- 
tion. Putting fhjf) — y and A^ x, ecjiiatiorj (3) takes the form 

y - A j B.r—WBx-'h' ... (3a) 

Thus wJiat was a straight Iin(‘ grapli (vide (Hiuation 1) in th(^ (*ase of a mono- 
chromati(* radiation l)e(M)im‘s n curv(‘* in the r‘as(‘ of a lieterogcau'ons radiation, 
th(‘ equation to tiu* curve* ixung giv(‘n by 3(a). Fig. 1 represcaits schematically 
the two graj)hs on(‘ above another. 



Fig. 1 

Curvature of the graph for the heterogeneous^ beam 

Differentiating equation (3a) successively ^vitll respect to x, we get : 

:== B(l-32-2/3^j-2.r-i/ac) (4) 

*It should be strosaod here, that the tieviation of this curve from the linear course is 
nowhere great within the range of experimental wavelengths, as the term 3c./x in equation 
(3) is small compared to unity. 
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and 7/3 == { 3.r3c3H-6x2e2'~2arei + ^- e j 


... (S) 
... ( 6 ) 


Tlioso differential (‘oeffioients (cannot ordinarily be evaluated since e, as a function 
of X, is not known. In the present analysis, we shall suppose that for filtered, 
hard radiation, 

e ^ ax~\-hx^-\-cx^ (approx.) ... (7) 


where a, 6, c are })ositive constants, independent of x but dependent on the testing 
absorber. 

Differentiating now equation (7), we have 


^ rrr- 6 _ a \ ^hx~\~^CX^ 

ax 

^ f ^ 2h -f 6c;r 


... ( 8 ) 


dh 

dx^ 


63 6c 


A jiistific^ation for the function expresseni by equation (7) arises from the fact that 
it satisfi(.s the conditions tliat both e and dejdx should decrease with the decrease 
of A, (i.e., with the decrease of ;r) in conformity with the actual behaviour of the 
rays concerned. 

Substituting in equation (5) the values of e and the differential coefficients 
from (7) and (8) res])ectively, wt obtain aftc^r simplification, 

?/2 — " ^ (9) 

It is noted from this equation (9) that i/g is negative, so that the slope of the 
curve represented by (3a) decTeases as x increases. Further, the rate of variation 
of the slope is comparatively great for small as well as for large values of x (i.e. of A). 
Hem^c this rate passes througl) a minimum at a certain medium wave length. 
If this minimum occurs within the experimental range of wave-length, a 
J-discontinuity will appear. Thc^ jiarticular value of x at which such ami nimum 
occurs can be calculated by putting — 0 in equation (6), so that 




or 


3x\+&x\-~2xei+ g e = 0 


( 10 ) 
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The solution of the equation (10) gives the required value of x. The point 
on the curve corresponding to this luinituum is denoted by D. 

DEDUCTIONS 

1. Monochromatic radiaiion. 

From equation (1) wo have 

f^-] =^.v+^aA“ 


Y 

wlio.rc the subscripts X and Y refer to two different testing substances. Klimi- 
natiiig between these equations, 


/* 

Px 


= (Av- 


X A \ 


fix / 

By \,> > 


( 11 ) 


This is a continuous linear relation between (plp)x iplp)y- particular 

eas(‘. X repres(nits aluminium and Y copper, then Ay ::r 0, 

so that 

P / Al \ P / uu 

2. Heterogeneous radiations 


CASE I. 

Kelafion between the mass-absorption coefficients in two absorbing substances 
when the inculent beam is progressively hardened 

Wo have already seen that for a particular assumed functional relation between 
e and u; in the case of a penetrating filtered radiation, there occurs a point D 
on the y—x curve at which the rate of decrease of the slope is minimum. If such 
is actually the (^ase under the unknown and correct functional relation also, the 
rate of variation in the slope (dose to the point 1) and on either side of it, will 
also bo near the minimum. A 8(‘t of points p, g, r may, therefort', be taken 
on the curve close to and on one side of such that they may be regarded 
as practically lying on a straight line of short length. Similarly, we may take 
another set of points on the other side of 1) and they lie on another straight line 
of short length. 

Now consider together the tw^o curves -r) and (7/y— a*) for the tw o absor- 
bers X and Y with their o^vn /^-points, ai^d Dy, We shall suppose here 
that Dx and Dy are sensibly one above the other. Taking the short straight 
lines passing through the points p, q, r lying on the same side (L.H.S., say) of 



68 


Hirendra Kumar Pal 


Dx and Dy in tlie two curves, it is shown below that, over a small range, the 
relation lu'tween y ^ Vy when x is elindnaied between them. It is 

(‘vident from ecjiiation (3) that the assumption of a short length of the enrve being 
praetiealJy straiglit means that ejA is fairly eonstaiit witli a mean valium K over 
tJiat length, so that on th(‘ L.FT.S. of the i>-points we have : 

l/x = ( p ~ 

... (I la) 

and .(/y -- = n ( 1- '‘p* ) = Jiy(l 3A’j.)r 


where A'^ is taken to rej)res(‘nt ahiminijiium and }" eoppcT. 

Eliminating .r b(‘twe(‘n the above tAvo ecpiations, W(' liave, 

//x -^x ^ //yl^ y)} 

y 


where A\y and A\^ are small eompaix'd to unity. Jhitting a — (A^y—Ay) — 
(jonst., MV get 


!Lx 




:{j£)//y 


( 12 ) 


This equation rcjjiesents a straight liiu' graj)li foi' //y plotted against //y. 

B 

The slope of the straight line is given by ( 1 —3a) and the intercept on the 
^/^-axis by Ay. 

Similarly, on the 11. H. S. of the />-])oints on tlie two eiirves, we have anotlnT 
straight line represeiit(‘d by the equation 


(l-¥)?/r (13) 

B 

wdiere fi — (K\ K'y) const. The slope of this straight line is giv(‘n by 

* ^*y 

(1 — 3/?), and the intercept on the y axis, again by A y. 

If a and/y are different, ecpiations (12) and (13) represent two different straight 
lines with different slopes but equal intercc^pts. 

It is not possible to say which of a and p is greater, If how^ever we assume 
P > (X, the two stiaight lines agree wdth Barkla’s in their (onfigurations : The 
former straight line is on the shorter wavelength side and the latter on the longer 
wavelength side of the i>-points, there being a discontinuity in the region corres- 
ponding to these points. This is the well known ‘•/-discontinuity’ which is illus- 
trated in Fig. 2. In case* if one Z>-point Djy is within the (jxperimental range of 
wavelengths and the other Dy outside but not far aw^ay then also J-step may 
appear. Here a == (Kx—Ky) and p — (K'x—Ky). 
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A point in support of the theory advanced may be noted here. The experi- 
mental value of the intercept A y for aluminiuiu (obtained from Barkla’s Figs. 1, 
4 and 9 by extrapolation) agrees remarkably well with the theoretiital, which is 
about 0.125. As for the other testing substances such as ])aper or gold, 
H'liable data for comparison are m^t available. Further, the smallness of a and 
/y can be verified if their values an^ estimated from the slopes of the two straight 
lines with the help of equations (12) and (111). For examples in the case of Al-Oii 
pair, in Barkla’s Fig, 1, the values of a and j'i are computed as .033 and 1 023 
r(^spe(itively. 

Position of the J -discontinuity 

According to the present view . the position of tlie e/-dist‘ontinuity in tlie graph 
(Fig. 2), is determined by the 7>-point. To get th(‘ .r-coordinate of tliis point we 
hav'e to solve equation (10), which is : 

— 2.rej-! ^ e = 0 

9 

Assuming tlie functional relation given in (7) and substituting in equation (10), 
tli(^ values of e and its differential coefiickmts from (7) and (S) rc‘spectively, we 
get, aft(U‘ simnlification, 

d \-Hhx ! 44c.r- 0 (14) 

This Iliads to 


I lf/r)/22c 

Since the coefficients <(, Ik c arc all ])ositi\ c, tin* ncgativi* sign before the 
radical is inadmissible, for that would make x negative, whicli is absurd. Henc^e 

= (-<2i^+ (15) 

An approximate solution of equation (14) might at once be obtained, if we 
could neglect the term 44ca;“ which is likel\' to be small as comparted to the other 
two terms. In that case 

for the absorber X 

and Xjf for the absorber F (16) 

It is evident that and Dy will lie one above the other in Fig. 1, to the extent 
the values of ajb and approach each other and the position of the 

J-discontiimity in Fig. 2, will be determined accordingly. 

Critical Mass -absorption Coefficient for the J -discontinuity 

It is noted from equation (15) that tlu^ position ot the /)-point should be 
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characteristic of the absorbing material, since the constants a, 6, c are characteris- 
tic. of that material. This explains why the discontinuity in Fig. 2, should occur 



Fig. 2 

at a critical value of (////>) for the aiisorlxT concerned. Th(‘ fact that the J-discoii- 
tinuity ap})ears at some critical value <»f (////>) of tlu^ absorb(‘r is a cliaractt‘risti(^ 
feature of the J-phenomenon. This criti(‘al vahu* may be ( alculated M’ith help 
of equation (3a), i.e., 

( ^ + ••• ( 1 ^) 

where the subscript j’ refers to the ./-discoutinuity and wJiere 
fj -- aXj-{-bx^^-\ cx^ 

and Xj — Xj) = (— 26-f ilac)/22c 

obtained from equations (7) and (15) nwpectively. Thus (/«//>)j turns out to bo a 
function of «, b, and c, wliicli again (lejamd on the absorbing substance. As 
the nature of variation of a, b, c with the material of the substance is not known 
due to insufficiency of available data, it is not j) 08 sil)lc to find how Aj should change 
with the testing material. But Barkla’s experimental values, Aj, — 0.335 A 
for aluminium and 0.3 1 5 A for copper, enable us to compute roughly, from equation 
(16), the ratio ajb for these elements. They are 0.3 for aluminium and 0.25 for 
copper. It may be mentioned here that on the basis of the function proposed 
in (7), the ./-discontinuity, when it o(!curs. should appear at a medium wavelength. 
Actually in Barkla’s experiments, the discontinuity was found to be within the 
experimental range, 0.29 A - 0.48 A, and the value of the critical wavelength at 
which the discontinuity appearwl varied from 0.30A (gold) to 0.39A(carbon). 
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Constancy of the. Critical Penetrating Power 

It ia seen from equation (10) that the average wavi^lengtli at which the J-dis- 
continuity occurs is given, to a rough ajiproxbnation, hy which is a cons- 

tant for a given absorber. But this average wavehmgth is also a measure of the 
iiia(;ros(^()pic complexion of the heterogeneous radiation. The occurrence of the 
J-discontinuity is thus conditional upon the availability and constancy of this 
complexion within the scope of th(‘ experiment and not upon the individual wave- 
lengths constituting tlie incident beam. This is the reason why, vith beams ob- 
tained in so many diverse ways, tlunr critic^al penetrating power should turn out 
so constant, when measured with any substance. 

J-step 

Referring to our Fig. 2, if y* y be the abscissa of the discontinuity, then the 
corresponding ordinates belonging to the two straight lines represented by the 
equations (12) and (13) are given by 

AX+ p (l-3a),vV 

hy 

and AX^-^(\-Wr 

rc*s[x)ctively and their difference is 

JSy 


This is the J-step. 

The percentage step-up eom])ar(*d to y*y 

= ( lif'r - aOO (//-a). 

M ultij}le discontinuities 

The occurrence sometimes of more than one discontinuity in course of a 
single experiment, is in the light of the present analysis, suggc'Stive of the existence 
of a corresponding number of 2)-points along the whole length of the curve (y-x) 
represented by equation (3a) and brought under ex})erimental observation. The 
a, 6 , c— values over different segments of the curve, are, in that ease, different. 
We are, however, inclined to the view that the double discontinuities in Barkla’s 
Fig. 3. p. 1041, is possibly due to Dx being somewhat separated along 

x-direotion. 
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C’ A S E II 

Rehtion hctmen thr mim-abfiorplimi coefficient and the fraction of the 
radiation absorbed, when the given incident beam is increasmgly 

filtered 

Let Z denote the fraction of the radiation cut off 1;)y the filter and {Hlp)x 
tiK‘ mass-absorption coofficiont of tlu* transmitted Ix^am, as measured witli the 
testing substance X. Thtm tlie. average' wavolengtli of the transmitted beam 
is a function of Z. We can therefore write : 

x=^^(Z) or Z-/(:r), say (18) 

where j — P, as before. 

Since the wav('length emerging from tlu* filtcu* is tlie wavelength iiu^Kbrnt on 
the testing substance we also have from (I la) in‘ar the /)-p()int : 

yx- 

The recjuired relation b(‘tween (/a//>)v ^ obtained by (eliminating .r 

between (upiations (IS) and (19). Although tlu* ('xa(‘t lorm of tin* function / in 
( 18) is not known, yc't the (‘onditions to be satisfied by it are quite definite and may 
be utilisc'd in ascertaining the g(‘n(‘ral run of the curve (Z—x) in (18). The 
conditions arc* : 

(i) As Z increase's, .r dc'creases. 

(ii) As Z incrc'ases, flrldZ dc'creasc's and lu'nce dZjdx iner(*ases num(*rieally. 

(iii) Wlu'n Z ^ 0, .r “ (corresponding to tlu* unfiltered radiation). 

(iv) When Z !,.)• ha*-’ a niinimuin vabu* whic^h is not zero. 

These are illustratc'd in the above* Fig. .‘1, where the* curve O'J^Q nqm^sents 
the ecjuatioTi Z f{x), and the curve llf\S. repr(*sents (*(piation (3a). Tlu* 
Z-axis and //-axis are reprc'sc'iited b\ tlu* L.H.S. and Il.H.S. V(*rti(‘al lines res- 
pectively. The points Q and l\ on tlu* curve 0' PQ corr(*spond to 100 per cent 
and 50 ptu* cent reduction in intensity r(‘S[)ectiv(^ly. As the actual experiments 
under considc^ration (Barkla’s Figs. 10 and 11) were performed with a radiation 
filtered till the intensity was cut of! by 50%, i.c;., till Z increased from zero to 0.5, 
they are necessarily confined to the region (»f tlu^ diagram (Fig. 3), lying on the 
R.H.b. of P only. Tlio />-point des(u*ibed in Case I previously and assumed 
present, is also showm (encircled) fui the curv'o liPfS and lying soinewhen-j between 
P and S, The abscissa x is drawn on a scale somewhat (exaggerated. 

It may be pointed out that so far as the t/-di8C(jntinuity is concerned, an 
exact knowledge of the function / is not essential. In view of the smallness of the 
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part 0'P(AA = 0.1 A approx), tho function may be regarded as practically linear. 
We Tuay assume that the curve is concurrent with a small portion of a para- 

l)ola with a large latus rectum. 



Accordingly, for the curve OTQ, we write 


(r/j -Z)2 h^(x~[ (T) 


( 20 ) 


wliere and or are constants depending on tin* filtering material, bi being the 

latus rectiHU. This equation v ill he found to satisfy all the conditions, eminierated 
above. Thus 

when l(max), x is minimum in keeping with (iv), and assuming Z<<ai, 

. . , . , . „ 

(lx negative in keeping With (j), since ~~ 2((i~—~Zy " increases, 

d'Z 

increases in magnitude, in kotvping with (ii) and^further, when Z — (),x - max. 
— a:,,, agreeing with (iii) so that from (20) we have. 

aj2 == 6i(Xo-|-(r) ... (21) 


Therefore, from (20) and (21), the equation to the curve OTQ satisfying all 
tile required conditions (i), (ii), (iii) and (iv), may be written down also as : 


/ a^-Z Y ^ *+£ 

\ «! / iCo+O- 
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or 

/ 1 Z Y ^ ■r l 'T 

\ / .ro-l-er 


“ — 1-1 — (apiH’oxiiuati 

.r„f(r 

or Z ^ - '/j • "« --/(^) ... (22) 

The above is ])raetieally a linear relationship between Z and x. Hence 
the portion O'P of tlie eiirvc' is straigiit to tiie extent that th(‘ vahies of Z and 
conform to the assumed condition. 

Taking OT to be approximately straight and considering the short segments 
of the curve P8 on i‘ith(»r sides of I) (supposed present) close to it, as linear, we 
may now eliminate x bcdween the (‘(juations (19) and (22) and obtain : 

?/A- = :<AV)j Z ... (23) 

The requinMl relation between f/y and Z is thus linear. But as the values of tin* 
constant /Ty are diffiTont for th(‘ two sides of ‘D’ (ride Case /). the straight lin(‘ 
in (23) splits up into two different (non-collinear) straight lines re])r(‘sented by ’ 

(i) Ps - {^.v+£v*o(l -3A^'x))- ( -3A'',v) } Z 

and (ii)//,.- HBv.r„(l 3A''v)l-{ (.r„-i a-)«v(]-~3/v • (24) 

where A'y lielongs t(i the left hand side itf'l)' and K"y to the right hand side in 
Fig. 3, or in other words K'^ e(»rres])onds to the sliorter wavelengtii side of ‘I)' 
(and lienee to larger values of Z) and K" ^ to th(' longer wavtdength side (and hi'nee 
to smaller values of Z). 

Now, h ^i— rj/A) inereascs witli A lor a filtered radiatirm, Avliieh is apparent 
from c(piation (7). Therefore, A"'y A'',-. Hence the ‘it)ter<-e])f and the ‘slojie’ 
of the straight line (i) are respc'etively greater than the eorn'sponding (|uantities 
of the straight line (ii), the two .stragiht lines being, of course, intervened by a 
discontinuity initiated by the i).point, (‘xaclly ns in flase T. This is the ./-dis- 
continuity in Case II. The two straight lines agree in all essential fi-atnres i\ith 
those illustrated by Barkla in his Figs. 10 and 11, pp. 1047- 1 03S. 

It is evident that here also the ./-discontinuity should he formed at the same 
critical penetrating power characteristic of the testing element, as in Case 1 and 
this corresponds to 

Xj = {-2b+^/4h^+l]„c}|^22c 
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This feature, viz. the constancy of the crititial penetrating power had been 
verified in Barkla’s cxporinientB. 

The above treatment is a general one, in as much as it does not take into 
consideration the actual material of the filter; i.e., whether the material of the 
filter is the same as or different from that of the testing substance for measuring 
tlu^ mass-absorption coefficient. Analysis reveals that if there is a Xl-jx>int, there 
should appear a discontinuity. In Barkla’s experimdnts. however, discontinuity 
oc(uuT(‘d only when the materials ol* the filter and tlie testing substanc^e M'ere 
identical, i.e., when both were aluminium or botli cop|)er. But the discontinuity 
was missing when the filter was aluminium and the; testing substance coppcT. This 
ac(!ording to the ])res(‘nt view, only means that the .D-point was either absent in 
that casc‘, or was situated close to P (or S) but outside the segment PS (Fig. 3). 
The linear Halation betw(‘en and (Fig. 10, Barkla), suggests that the 

latter alternative^ should hokL 

VERIFICATIONS 

The fact tliat the theory advance<l hen^ has yielded results in general accord 
with the (‘X]K‘rimental findings of Barkla, amply ])ears out thi‘ correctness of the 
various assum[)tions mad(' previously in that connection. A further justification 
may be* had from an a(*tual examination of tlu* experimcjital data furnished below. 

With the help of Barkla‘s Fig, 10 (lowcu* diagram) and Fig. 11, together with 
t)ur ('<piations (21 and 24), it is po.ssible t<i mala? the following computations : 

(a) For Aluminium-Aluminimuin pair, 

Ky ^ 0.057, 32, > 1.58, 50.5, 

and since Z < 0.5, < 0.1. 

(b) For Copper- (kipper pair, 

- 0.093, - 17.7, > 2.17, > 38.5 

and since Z < 0.5, ^ y< O-Ofi 

Almjim of the, J-discxmlinuiti/ 

We shall now discuss the circumstances leading to the non-appearance or 
absence of the J-discontimiity. Evidently, wlu*r(» th<‘ ‘discrepancy’ e is either zero 
or very small, the /)-p( 3 int is absent or practically so. Hence a discontinuity 
is not to bo expected there. This is so 

(i) with a beam of X-rays which is strictly monochromatic for which e == 0, 

(ii) with a beam of heterogeneous X-rays which has been excessively filtered 
and consequently rendered more or less homogeneous, when c becomes 
insignificant and 
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(iii) with a method of jneasurornent whore the abaorptioii coefficient of the 
filtered heterogeneous i)eani is dotorruined arbitrarily from insufficient 
absorption — say, 25% instead of 50% as usual - within the testing subs- 
tance, thus making e too small. 

Case (ii) hero, was nicely illustrated by Dunbar’s (1925) failures and (iii) by Barkla’s 
Fig. 8 (lower diagram). In all these cases, the graph (yx—Vy) found to be 
linear as expected from Equation (11). 

There is a fourth case in wliich the dicontinuity may not appear. If th(^ 
D-points do not fall within the range of wavelenthvS studi(Mi, but are yet not far 
away, only one side of the 7>>-points c^an be considered. Jn such a case we should 
expect a single continuous straight line for the (yyx“"//r) graph, instead of two, 
intervened by the discontinuity. A fifth cavSii for no discontinuity may arise if 
a = (vide equation 12 and 13) when the two straight lines should merge into 
one, even with the D-point present within the experimental range. (Sec^ Barkla’s 
Fig. 4. for imfiltered radiation and the upper diagram of Fig. 10.). 

Barkla and his collaborators had observcMl that the J-discontinuity sometimes 
occurred and sometimes did not occur under what appeared to be essentially 
identical conditions. This may be expected when the beam (»f X-rays concfTiied 
is in a state of unsteadimss. Irr(*gular changes in the structure of tlie radiation 
may, at times, render the plotted points misleading and unrealiable M'ith a conse- 
quent obliteration of the J-step. (See Barkla’s Fig. 2, p. 1040). Further it can 
be suggested that the ‘dis(*repancy ’-coefficients, u, b, c (in Equation 7) of an 
absorbing material may sometimes be affected by variations in some special 
factor or factors whicli have not been identified and controlled. The D-points 
juay be sensitive to such variations, even when all other conditions are steady, 
appearing sometimes at tlie right places and sometimes moving beyond them. 
These considerations may explain, to some extent, the elusive nature of the 
J-discontinuity. 


SUMMARY AND CONCLUSIONS 

In the foregoing analysis of the e/-phenomonon, we have accjepted the hypo- 
thesis put forward by Barkla that a heterogeneous beam of X-rays behaves like 
an ‘atmosphere’ of radiation considered as an integrated whole for which its mass- 
absorption coefficient aj)pears to be more fundamental than its individual wave- 
lengths. It has been supposed that the mass-absorption coefficient of a hetero- 
geneous beam of X-rays in an absorbing substance corresponds to some inter- 
mediate wavelength whi(;h thc^ beam has somewhere inside the absorber. Since 
the softer constituents of the heterogeneous beam are increasingly filtered off as 
the beam passes through the absorber, this intermediate or the effective wave- 
length must needs be slightly less than the average wavelength. Expressing this 
discrepancy between the effective wavelength and the average wavelength 
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as a suitable function of the latter, represemttMl by (7), the J-discumtinuity has 
l)een shown to be associated with the so-called i>)-point on the (ja/p-A^)- curve, 
where the rate of the variation of the slope is niiuiniuni (or /(‘ro as at a point of 
inlh^xion), the small segments of tlu^ (‘urve lying on both sides of and close to 
it, being regarded as straight lines. The })ositiori of the ^-discontinuity, the 
critical mass-absorption (coefficient for tin* discontinuity, the (‘onstancy of tliis 
critical value for a particular absorbing sid)stanc(‘ and its dej)enden(‘(‘ on tlu^ 
material of the absorber and tlie magnitude of the »/-jgitep have been fully dis- 
cussed in t(Tms of the ‘dis(crepancy’ coefficients. Quantitative agreement lias 
bet'll shown in sonu' case's b('tv^<H‘n the n^sults of tlu' analysis and the (‘xperi- 
mental results of Barkla and his collaborators. 

Th(* absence of the »/ -discontinuity and the circumstances leading to it have 
bt't'ii discussed in some details. Suggt'stions have also been mad(' to ('xplain 
tile (elusive natune of the J-discontinuity. 

In conclusion, it is to be nott'd that Uarkla's interjiretation of the ('Xperinmntal 
ri'sults on the* «/-ph(*nonienon in X-rays in terms of ‘k'vels’ of A'-ray activity has 
not b(^en considered in tlie piosent invc'stigation. Barkla s fruitful idt^a that in 
tlu' plu'nonu'na c-onc('rning a iK'terogt'ueous beam of X-rays, it is the avtwage 
constitution of the beam that counts above every thing, is howi'ver recognisc'.d 
in tlu‘. analysis detaik'd in this ])ap('r. 
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(iii) with a method of measurement where the absorption coefficient of the 
filtered Iieterogeneous beam is determined arbitrarily from insufficient 
absorption — say, 25% instead of 50% as usual —within the testing subs- 
tance, thus making p too small. 

Case (ii) here, was nicely illustrated by Dunbar’s (1925) failures and (iii) by Barkla’s 
Fig. 8 (lower diagram). In all thest^ cases, the graph (yx'^Vy) found to be 
linear as expected from Equation (11). 

There is a fourth case in which the di<;ontinuity may not appear. If the 
/>-points do n()t fall within the range of Avavelenths studied, but are yet not far 
away, only one side of the 7>-points can b<‘ considered. Jn such a (jase we should 
expec^t a single continuous straight line for the (yx~~ ?/r) instead of two, 

intervened by the disfMmtinuity. A fifth case for no disc.ontinuity may arise if 
a ^ fi {vide equation 12 and 13) when the two straight lines should merge into 
one, even with the D-point present within the experimental range. (Sec? Barkla's 
Fig. 4. for unfdtered radiation and the upper diagram of Fig. 10.). 

Barkla and his collaborators had obst'rved that the ./-discontinuity sometimes 
0(5currod and sometimes did not o(*cur under what appeared to be essentially 
identical conditions. This may be expected when the beam of X-rays concerned 
is in a state of unsteadiness. Irregular changes in the structure of the radiation 
may, at times, render the plotted points misleading and unrealiable with a (umse- 
quent obliteration of tlie J-step. (See Barkla’s Fig. 2, p. 1040). Further it can 
be suggested that the Vliscrepancy'-coefficients, a, b, r (in Equation 7) of an 
absorbing material may sometimes be affected by variations in some special 
factor or fa(;tors which have not been identified and controlled. The /^-points 
may be stmsitivo to such variations, oven when all other conditions are steady, 
appearing sometimes at the right places and sometimes moving b(\yond them. 
These considerations may explain, to some extent, the elusive nature of the 
J-discontinuity. 


SUMMARY AND CONCLUSIONS 

In the foregoing analysis of the J-phenomenon, we have accepted the hypo- 
thesis put forward by Barkla that a lieterogencous beam of X-rays behaves like 
an 'atmosphere’ of radiation considered as an integrated whole for which its mass- 
absorption coefficient appears to be more fundamental than its individual wave- 
lengths. It has been supposed that the mass-absorption coefficient of a hetero- 
geneous beam of X-rays in an absorbing substance corresponds to some inter- 
mediate wavelength whi(}h the beam has somewhere inside the absorber. Since 
the softer constituents of the heterogeneous beam are increasingly filtered off as 
the beam passes through the absorber, this intermediate or the effective wave- 
length must needs be slightly less than the average wavelength. Expressing this 
‘discrepancy’ between the effective wavelength and the average wavelength 
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as a suitable funeiion of the lattcT. represented by (7), the ,/-discontmuity has 
been shown to be associated with the so-called /bpoint on the (ja/p — A^)-curve. 
when» the rate of the variation of tlu^ slope is niininiuni (or /(‘ro as at a })oint of 
inriexion), the small segments of the cnrv(‘ lying or) both sides of ly and close to 
it, i)eing regarded as straight lines. The position of the J-discontinuity, the 
critical mass-absorption (loefficient for the diseontiniiity, the constancy of this 
critical value for a particular absorbing substance and its do]:)endence on tlie 
jnaterial of the absorber and the niagnitmh^ of the ./-step have* been fully dis- 
cussed in terms of the ‘discrepancy' (‘.oefficients. Quantitative' agreement has 
bci'D slumn in s()n\(‘ cases Iretwi^en the n'snlts of tlie analysis and the experi- 
mental results of Harkla and liis cnllaborators. 

Th(' absence, of tiie ./-disttoniinuity and th(* circumstances leading to it have 
be(‘n dis(‘,ussed in some dcdails. Suggestions have also b(‘en made to explain 
the elusive nature ()f the ./-discontinuity. 

In conclusion, it is to b(‘ noted that Bai kla's interpretation of tl)e exjrerimental 
results on the J-plienonienon in X-rays in t(*nns ol‘ levels’ of X-ray activity has 
not be(‘n considervd in the present investigation. Barkla's fruitful idea that in 
tlu' phenonu'ua concerning a hetc'rogent^ous b('am of X-rays, it is the average 
constitution of the beam that counts abovi' every thing, is however recognised 
in the, analysis detailed in this pajrer. 

A (J K N () W L K D U M E N T 

The author is indebted to lati' I'rof. V. G. Barkla. F.R.S., N.L., for affording 
him all facilities for experinumtal res(‘arches in his laborat(wy at Edinburgh, 
U. K. and giving him helpful guidanci' during tin* period 1935-37. Tlis best 
thanks are also due to Prof. S. it. Khastgir, Khaira Professor of Physics, 
University of Calcutta, for valuable discussions. 

H E F E R E N C E S 

I 

Aloxautler, 1930, Proc. P/iys. JSoc. 18, S2. 

Backhurst. I., 1932, Phif. A/nrr/. 13, 28. 

Barkltt, C. G., 191G, Bakeriatt lecture — PftiL Tnms, 1917. 

„ 1923, NaturCy 112, Nov. 17, 723. 

„ 1924, Nature 22. 

„ 1925, Phil. Mag. 49, 1033. 

„ and VSdiite, 1917, Phil. Mag. 84, 270. 

„ and Sale, 1923, Phil Mag. 45, 748. 

„ and Mackenzie, 1925, Nature, 115, 942. 

„ and Khastgir, 1925, Phil. Mag. 49, 251. 

„ and Khastgir, 1925, Phil. Mag. 50, 1115. 

Compton, A. H., 1924, Nature, 118, IHO. 

Crowther, 1921, Phil. Mag. 42, 719. 

Dauvillier, 1920, Ann. d. Phys. 18, 49. 



78 


Hirendra Kumar Pal 


Duane and Sliiiiiizu, 1919, Phys, Pev, 14 , 389. 
Dunbar, 1925, Phil, Mug, 49 , 210. 

„ 1928, Phil, Mag, V. 982. 

Oaortnor, 1927, Phya, Zeita. 28 , 493. 

Ivliaatgir and Watson, 1925, Nature 115 , 604. 

,, 1925, Nature 116 , 47. 

Nipper, 1925, Nature, 116 , 12. 

Owon, 1918, Proc, Hoy, Soc, A. 94 , 339. 

Kichimyor, 1921, Phys. Pev, 17 , 434. 

,, 1921, Phya, Tteu, 18, 13. 

,, 1922, Phya, Rev, 19 , 418. 

„ and Grant 1920, Phya, Itev, 16 , 447. 

Siogbahn. 1925, Nature, 111 , 11. 

,, and^Wmgardt, 1920, Phya, Zeita, 21 , 83. 
Watson. 1924-25, Proc, Roy, Soc, of Edinburgh. 45 , 48. 
Williams, 1918, Proc. Roy, Soc, 94 , 507. 

Worauop, 1927, Proc, Roy, Soc, 39, 305. 



8 


EFFECT OF COMPLEX FORMATION ON THE 
INTENSITIES OF RAMAN LINES 

N. RAJESWARA RAO akd K. V. RAMANAIAH 

Depahtment op physics, Osmania University, Byoerabao 
(Received, November 29, 1963) 

ABSTRACT. On adding 6N ammonimm nitrate to 13N nitric acid, dr ^1300 of nitric 
acid is found to decrease instead of incroiising in intensity contrary to what is required by 
the law of mass action. To understand this, it is postulatc^d that a c()in] 3 lex like HNOaNO., is 
formed and it is surmised that when a complex is fonncMl fho bond stn^tching osc* illation of 
a Hainan lino is decreased while it is known that the corresponding infra-red line derTeascs 
in intensity, during the formation of a complex. dv~ 1680 of acetic acid also is foimd to be- 
have in a similar way. 


INTRODUCTION 

In recent years (Coggeshall. 1950 and Venkaiaramaiah and Puranik, 1962) 
it has been observed that the intensity of the line corresponding to any bond 
whi(;h is attached to another .Tnole(;ule due to hydrogen bond formatic/ii is 
increased. In fact, quantitative estimates of the intensities as related to the 
shift in the frequency of the bond due to hydrogen bond fonnation have been 
made. Now we report a few cases tn say that the (corresponding Raman line 
decreases in intensity. 

Nitric acM: One of us (1943) reported many years back that when to a 
solution of bisulphate a sulphate is addtnl, dy — 1040 corresponding to the 
HSO 4 decreases in intensity, (contrary to the law of mass action, while addi- 
tion of an acid brightens it as ex{)e(*t(‘d. Similar obseivation is made in a 
solution of nitric acid using NH 4 N 0 ji and HOIO^ as sources of NO^ and H ions. 


TABLE I 



1(1060) 

1(1300) 

NHiXOs ( 6 N) 

7.0 

— 

HNO 3 (13N) 

3.0 

6.2 

HNO, (13N)+ > 

NH4H0,(6N) / 

5.8 

5.2 

HNOs (13N)+ , 

Ha04 ( 6 N) / 

1.6 

7.2 


79 





80 


N, Rajeswara Rao and K. V. Ranianaiah 


Table I shews that 1(1300). bc'longing to HNO.j luoltHmles decreases in intensity 
from pure acid to nitrate iiiixtiin^ but brightens up in HCIO 4 mixture, similar 
to w hat is observ^ed in tlie case of bjsul[)hates. The iniiTophotoiiietrie records 
demonstrate the effecd clearly. (Fig. I). 


CO 

CO o 

t t 


CO 




i 

ICI 


HN 03 ^-NF^ 4 N 03 

(13 N) (5N) 


HNO, 

(13N) 


HN0,+HC/0, 


Fig. 1 

In ordor to w'c wliotluT tho same result is reflected by tbe eondutititivity 
data, electrical conductivity of these mixtun's is measured and the data given in 


TABLE IT 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Temp 

°C 

HNO.t 

NH4NO3 

Mixture 

24 3 “4 

r>/2+.3 

liClOi 

Mixture 

2/7-3 

9/2+7 

2 

531.0 

102.5 

390.9 

242.6 

38.3% 

355.6 

377.8 

508.8 

57.40/0 

25 

759.3 

161.7 

584.1 

334.9 

36.4% 

515.2 

C54.6 

720.0 

56.5% 

50 

940. 1 

224.0 

814.3 

355.8 

30.40/0 

642.1 

692.9 

895.3 

66.40/0 


Conductivity in millimhos of nitric acad and its mixtures with ammonium nitrate and 
perchloric acid. Columns 6 and 10 show percentage decrease of conductivity in the mixtures. 
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Tablo II. Though, at these conoentrations it is not possible to relate oondueti- 
vity to tilt' number of ions, (jualitatively, it ean be s(‘ea that nitrate ion also 
supresses conductivity like the hytlrogen ions, contrary to Hainan effect data. 

We are tempted to suggest formation of ctomplex like N() 3 HN 0 ;j with a hy- 
drogen bond betwt^en NO 3 and HNO 3 . This explains why NO 3 hel])s suppression 
of conducitivity to a larger extent. Tht? microphotometric retjords show that there 
is a line at dr = 93(> biilonging to KNO 3 molecules stronger in the nitrate 
mixture than in pure acid. This probably means that the d(H;rease in the 
intensity of dv 1300 is not due to reduced number of HNO 3 molecules but 
to the speinfic intensity (intensity per molecule) of the lim^ decreasing due to 
hydrog(m bond formation. 


TABLE III 


Solutieii 

- 440 

010 

872 

893 

1270 

1308 

1080 

acid pure 

10 

32 

100 

29 

13 

13 

19 

(2N) acid 

15 

32 

100 


15 

20 

52 

Sodium acolait' (2N) 

13 

17 


100 

37 

70 

0 

acul and salt mixture 2K eacdi 

20 

37 

100 

95 

37 

00 

40 


Acffir acid : A similar (‘xperiment is performed in mixtures of acetic acid 
and sodium acetat(' and the results given in Table III. The intensities are 
reduced to dv — S72 taken as lOO. It shifts to S03 in the sjiectra of salts. In 
th(* mixture', we s('(i the two lines w(‘ll separate'd. We want to point out to 
the large niduction in the intensity of dv ~ 1780 attributed t(» T = 0 (Koteswa- 
ram, 1040) from 2 N solution to pure acetic acid whert^ dimers are known to 
form. Its rediK^tion in the mixtun' is probably due to a complex like 
H3COOOH ” OOCC-CH3 with hydrogen bond fonnation. 

Sulphuric acid : 100% sidphuric acid contains about IS moles per litre 

while water contains 54 moles. Yet, Raman sp(u*trum of suliihuric^ acid does not 
show any OH band of d(^t(‘(‘tabl(' intensity, though water with 1/3 of the time given 
for the acid shows the band very well. It should be mentioned in this connection, 
however, that C. S. Venkateswaran (1938) reporteni a faint band at dv — 2794 
to 3172 for sulpluiric acid. We are temptol to suggest that molecules in pure 
sulphuric acid are so intimately connected by hydrogen bonds that OH bond is 
very much rt'duced in intensity. 

R E F E R E N G E vS 

Coggeshall, N. D. 1950, Jour. Chem. Phys. 18, 978. 

Koteswaram, P. 1940, £nd. Jour . Phys. 14 , 353. 

Rao, N, R. 1943, Ind. Jour. Phys. 17, 5. 

Vonkataramaiah K. and Puranik, P. G. 1962, Proc. Jnd. Acad. Sci.t 66, 96,. 

Venkateswaran, C. S. 1938, Proc. Ind. Acad, Sci.t 7, 13. 




9 

A 19 CM DEBYE-SCHERRER CAMERA FOR WORKING 
BETWEEN 400“K AND 106“K 

STDDHARTHA RAY 

Department op Magnetism, 

Indian Association for the Cultivation of Science, 

Caloutta-32. 

{Re,cewed February 1, 1964) 

ABSTRACT. An adjufltablo t^^mporatnro 19 cin Debyo-Scherrer oamora has boon 
described, in which the spfMMinen can be keyit at any steady tomporaturo from 106°K to 400'^K, 
using liquid oxygon as refrigerant and with the help of a small boating element to ctmiiter- 
balance the cooling. Details of construction and performance have been described. The 
camera is designed for the main purpose of studying thermal expansion coefficients and phase 
transitions of various substances. 

INTRODUCTION 

A scheme to investigate the thermal expansion of certain inorganic, substances 
necessitated the construction of an X-ray camera, in Avhich tlie powd(*red specimen 
may be kejit at any steady temperature from about 90*^K to about 4()()°K, for several 
hours at a stretch. Such a camera, using conduction (tooling (and heating), 
has been designed and cjonstnicted in the workshop of this Assixdation. 

In the adjustable temperature X-ray cameras designed for work in low 
temperature regions, cooling of the specimen is achieved usually either by the 
flow of a cooled gas around the spociimui, or by conduction. The latter nu^thod 
has been chosen for the present design, because of its easier and better adjustability, 
and possibility of attaining lower temperature, as well as due to the fact that in 
the present cast* of a camera using only powdered specimen, no great construc^tional 
(xunplication arises. Also, it will be seen that the same acetessories are used for 
attaining tlu^ moderately high range of temperatures neex^ssary for the investi- 
gations'^en visaged . 

DESCRIPTION AND OPERATION OF THE CAMERA 

The camera may be conveniently described under the two following heads : 
(1) the film-cylinder and collimator, and (2) the specimen-cooling system, and may 
be clearly understood with reference to fig. 1. 

(1) The film-cylinder (A) is of a strictly uniform outside diameter of 
19 cm., with cylindrical slots running almost all round the middle except two 
diametrically opposite parts, wliere the collimator (B) and the exit port (C) for the 
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direct X-ray beam are situated. Two strips of film are wrapped outside the 
cylinder over the slot, as is usual in standard cameras of similar diameter. The 
slots, along which the films are to be exposed, end in sharp edges, so that the 



Fig. 1. Tho 19 cm adjustable temperature Debyo-Scherrer camera. 

A — film-cylinder K — ^liquid oxygen outlet tube 

B — collimator L —copper cup 

C — exit port for direct beam. M — copper cone 

U — base-plate N — specimen-holder 

E — ^levelling screws O — ^heater 

F — air-tight cover P — ^sealed exit for leads 

Q — aluminium foil window Q — thermocouple 

H — aperture for evacuation H — ebonite pillars 

I — ^liquid oxygen receptacle S — stainles-steel vacuum Jacket. 

J — ^liquid oxygen inlet tube 

(exposed parts on the films end in sharp lines, necessary for avoiding film-shrink- 
age error. Black paper pasted inside the cylinder along the slots and removable 
I^hosphor- bronze cover strips with black felt edges outside the (*ylinder make it 
a light-tight film carrier. The lower rim of the film-cylinder is chamferred to 
ht snugly into a circular F-groove on the Diiralmin base-plate (D), so that it can 
be replaced in an identical position on the base plate, every time it is lifted and 
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romoved to a darkroom for loading or devolopiiig the film. The base-plate 
iw 8uppo?’t(‘d on three levelling s(a‘(‘\vs (K). 

Tlx* eolliniator (B) is attac^hed to the film-(^ylinder. Tt projects wliolly inside 
the evlinder, its axis coinciding with the diameter of the latter, and ends in a 
taper, so as not to ohstniet diffracted rays from reaching the part of the film 
extending over the entire slotted region. The construetion of the collimator 
is more or less the same as that dt'seribed by Bradley, Lij)son and Pet(^h (1!)41), 
tiu* two rectangular slits in this case being l/lti" and 1/32" in width. 

An air-tight (‘vlindrii'.al brass cov(t (P), with a flange at the lower rim seaknl 
with an ()-ring in a groove on the base-plate, en(;loses the whole arrangtmient. 
The (tover is furnished with aluminium foil windows ((I) for entrance' and exit 
of X-rays (a lead shutter is provided outside the exit window). The (*nelosure 
can he evacuated by a vaeaium pump connected to an aperture' (H) in th(‘ f)ase-plal (‘. 

(2) Th(' specimen -(tooling arrangement cfmsists of a (*ylindri(^al (u>i)[)er 
recepta(‘le (I) for liquid oxygen. Tvv^o tubes (J, K) pass into the r('(‘eptacl(', sealed 
through the^ base-])late and running through a high vacuum line for sucking 
liquid oxgen in and the vapour out respectively. Tlu' upper eov('r of the re(*ep- 
ta(*le has a conical cup (L) of (to[)per attachc'd to it in such a way that the cu]) 
projec^ts wholly inside the receptacle. A solid co})per cone (M) fits rather closely 
in the (uip, and can be rotated smoothly. The specimen -hold(‘r (N) is a co})per 
button fitted into a groove in tlie cone, with a spring and nut arrangement so that 
small displa(;em(uits in all horizontal directions can Ix' given tr> it. The prcssim' 
of the spring holds the liutton in the displaced position, the lower surlac'C of the 
same being all the time pressed against th(' upper surface of the (tone. This arrange- 
ment ])ermits centering of th(‘ specimen mounted at tlu! top of the spectimen- 
holder, as vv'ell as (insures thermal condiuttion between tlu' spttcimen and the liepiid 
oxygen inside the receptacle. 

On the stciin of the co])per button are wound a few turns of thin Niehrcmie 
wire, insulated by thin sheet of mica and Aralditc^ This serves as a heater element 
(O), and w'hile the liquid oxygen in tlie receptatde temds to lower the temperature 
of the specimen, depending upon the rate of suction of tlu' licpiid and the small 
heat leakage from outside, different steady intewumdiate temperatures can be 
obtained by adjusting the (jurremt through this lujatcw element. The hollow space 
inside the receptacle is filled with wire gauz(i for proper evaporation ofo xygen 
and distribution of cold. 

With no liquid oxygen in the re(;cptacl©, the heater is capable of maintaining 
different steady high temperatures of the spe(imen up to about 400'^K. The 
connecting leads from the heater arii kept free during eentering of the specimen, 
so that the rotation of the cone is not obstructed, and are afterwards connected 
to the terminals provided at the camera base (P), and passing through polystyrene 
plugs sealed leak-tight to the base with Araldite. For measurement of tempera- 
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turo, a ring-shaped junction of a calibrated copper- con stantan thermocouple (Q) 
is slipped on the stem of the specimen holder, just below the speimen, after center- 
ing has been stxuired. The o.m.f. of the couple is read off on a calibrated 6" dial 
jiiillivoltmeter, each small division of which corresponds to about in the 
medium and high temj)erature ranges. 

The liquid oxygen receptacle is mounted on threc^ ebopite pillars (R) on the 
base-plate with suitable nuts and bolts. During this mounting, the rotation 
axis of the copper cone was made to coinckh* with the axis of the film-c.ylinder. 
This was checked optically, and once this arrangement was ndiably ensured, 
(jcnUu ing of specimens reduced to the easy task of making them coincide with the 
axis of rotation of the copper t^rme. 

The liquid oxygen inlet tube (J) is connected to the bottom ctmtre of the re- 
(!epta(^]e. Inside the chamber, it rea(?hes almost up to the upper cover. The 
exit tube (K) is attached to the side of the recex>tacle, Eind also reaches the same 
li(*ight insid(». A stainless-steel ja('ket (S). iii vvhi(;h vacumm is maintained along 
with that in the camera enclosure during operation, surrounds the whole length of 
tlu^ inlet tube from the camera- base to the liquid oxygen reservoir. 

The liquid oxygen reservoir (not sliown in the diagram) consists of a cylin- 
drical container of German silver, placed in a 4-pint thermoflask with cotton 
linings. The container has four openings at the top. Through one of these, 
the vacuum-jackettod inlet tube enters the reservoir. The jacket fits closely at 
the entrance, and the inner tube reaches nearly the bottom of the container. A 
second opening is sealed with a graduated glass tube, closed at the top. The 
long, thin stem of a hollow glass flf)at projects inside this tube, its position 
indicating the level of liquid oxygen in the reservoir. The third opening is used 
for pouring liquid oxygen in the container and is kept closed with a tight fitting 
cork during operation. The fourth optuiing connects th(' upper space over liquid 
oxygen level of the container to the atmosphere through a series of calcium 
chloride towers, so that when liqiiid oxygen is sucked out, only dry air can enter 
the reservoir. 

A suction pump is connected to the free end of the exit tube outside tlie 
camera. With the specimen centered, the thermocouple ring placed in position, 
the connections to the heater secured, and the loaded film-cylinder replaced, the 
camera chamber is evacuated, and the suction pump start(d. The rate of suction 
is controlled by adjusting an air-leak in the p\ unping system. Liquid oxygen 
from the reservoir travels through the vacuum -jacketted tube towards the recep- 
tacle, and after the initial cooling off, tends to maintain a steady temperature 
which depends on the rate of heat leakage by radiation, and is finally balaiK?e(l 
nicely by adjusting the heater current from a large 6 volt accumulator. In- 
creasing the rate of flow of liquid oxygen and diminishing the heater (current, 
successively lower temperatures are attained. For reaching the lowest tempera- 

4 
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tiu’o the heater is altogether cut out and oxygen allowed to accumulate in the 
receptacle. Owing to rather large riuliation leakages and temperature gradient 
li’om the rec(‘ptacle to the s])eeimen, tlu* lowest temj)erature reached was about 
JOfi'K. 

During the many trial operations it has been Ibund that the difieretit temjK'ra- 
tures of the specinu'fi can la* maintained satisfatitorily steady for stweral hours 
over whif'h an X-ray exposure' is given, the maximum fluctuation never (‘xceeding, 
and generally being less than .o K, Kive litre's e)f liepiiel oxyge'ii are fomid to bei 
suffie ie'iit for 7 he)urs e*xpe)sure' of a sjK'eamen maintained at 106"K (not taking 
aeicount of the' pe'riod necessary tee bring down the te'inperature eef the spescimen 
initially). 
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ON HEAT TRANSFER IN NUCLEATE BOILING (I) 
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{Received February 25, 1964) 

ABSTRACT. Reprosontativo data of lumt transfer cooflicient for di -ethyl ether (B.P. 
34.r)^C') boiling on submerged horizontal tubes of copper, nickel and an alloy of (^u, Ni and 
Zinc, 3/16^ in external diameter heated by emdostul electrical heaters have f»een obtained 
for a llnx range upto 55000 Btu/hr. sipfl. Data were obtained both for the commercial variety 
and [inrified liquid. The purity of the liquid is .spe<*ilied by data, taken on electri(*nl conducti- 
vity. To reduce the hysteresis effect, the li(|Uid was stirred liy a magneta* stirrer. 3"he rotor 
speed was maintained at 650 r.p.m. and was deteniiined by a stroboac'ope. AftcT (‘ontanued 
boiling the boiling curves showed to bo almost straight lines for the heat flux range from 10,000 
1,0 55,000 Btu/hr. scpfl,. The coeflaaent wok found to be greater for the impure liquid than 
I'or the purified liquid at each heat flux. 

1 N 1' R O D U C T T O N 

Heat transfer between a subnuu-ged solid surface* and a liquid boiling on it 
has b(*en the subject of study of many investigators during recent years. A 
stimulating account of tlu* art of boiling and tlu* advanemuent towards the under- 
standing of the boiling i)heu()mena has been given by l)reA\' and Miiollm* (11)37), 
and J. W. Westvvater (1956). Most of the boiling (‘urves piililislmd show some 
hyst(*resis effect in the steady imcli^atc^ region and a vciy pronouncc'd hystcn*sis 
(d’fec-t at the threshold of nucleate boiling (Sinha, l!)5r)). Regarding the effect 
of agitation on nucleate boiling Aiustin (UM)2) showed that stirring produced some 
increase in the heat transfer eoeflScient at mod(*rato h(‘at flux, l^rew and Mueller 
(1937) confirmed Austin. Feeble agitation, on the other liand, has the advantage 
of decreasing the hysten^sis effl'ct without afft^ding the lu^at transfer (*A)(‘fficient 
at higher heat flux when the agitation produced by the coloumns of rising vapour 
hubbies is quite higli. While reporting on heat transfer coefficient very little 
has been said by any worker about the purity tlie licpiid samples tried, though 
much lias been said about the conditions of the lieater surfaces. A point of in- 
t(*rest in the problem should be to investigate how the purity (condition of the 
liquid behaves in heat transfer and this is reported in the present work. 

EXPERIMENTAL APPARATUS 
(I) Construction of the heater 

Very thin walled (.004"), 3/16" diameter nuital tubes were taken. Approxi- 
mate lengths of the tubes were 7 cins. Glass insulated nicrome wires of gauge 
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No. 30 (<lia. 0.020 cm) were ])laee(l w’ithin the tubes and w'cre electrically heated. 
I he teeJiniqiic employed ior sealing the ends of the heater tube is shown in the 
schematic diagram shown in Fig. (1). 

—Hard soldered joint 

^Heater surface 



^NichromC wire Hovar wire 

— Hovar tube 
Bnd glass sealing 


Fig. 1. Oonetructional details of the heaters. 

The niehrome wire is hard soldered to a ‘Kovar' wire. The ‘Kovar’ wire 
passes through a ‘Kovar' tube of slightly smaller diameter than that of the heater 
tube. The ‘Kovar’ tube is soft soldered to the heater tube;. Finally, the end is 
scaled with glass. The ‘Kovar’ wires serve as lead-in wires. 

(2) Purification of the liquid : 

The chief impurities in commercial ether (Sp. gr. 0.72) are water, ethyl alcohol, 
trazes of aldehyde, and in samplers which have been exposc^d to tl)e air and light 
for sometime or has been stored for a long time, ethyl peroxide. The ether was 
taken in a big separating funnel and was shaken vigoiirously ^itli a saturated 
soltuion of ferrous sulphate. The ether was drained off and sufficient quantity 
of anhydrous calcium chloride was added to it. The mixture was allowed to stand 
for 24 hours with occasional shaking. Both the water and alcohol present were 
thus largely absorbed. Tlie sample was then distilled doubly over phosphorus 
pentoxide. Sodium wires were inserted in the distilled ether to remove the last 
traces of moisture. Before use this ether was filtered. The purity of the sample 
was tested by experimentally studying its electrical conductivity. 

(3) Stirring : 

The liquid was taken in a dewar and was stirred with the help of a magnetic 
stirrer. The method of magnetic stirring was adopted because it offered least 
contamination and also offered no path for heat leakage. For convenience of 
steady operation the conventional permanent magnet type of stirrer was modi- 
fied to an electromagnet type of stirrer. The stirring element was a glass bead, 
cylindrical in shape, of length 2.8 cm and diameter 0.8 cm., in which 


was 
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embedded a magnetic core. The r.p.m. of the stirrer could be regulated by the 
simultaneous control of the speed and strength of the magnetic field. The r.p.m. 
was measured by a stroboscope (ORTON-EMG, Type 237 1/B) 

(4) Measurements 

Wedge shaped (lontact electrodes made of the same metals as those of the 
lieater tubes placed at a fixed distance apart on an ebonite former were used to 
measure' the p.d. betweerj the contaeit points for a constant current sent through 
tlu‘ tube material supplied from a battery which was continuously kept at constant 
c.m.r. by a battery cliargeu*. The resistance of the tube rrmterial was obtained by 
(‘omparison witli a standard low resistance. 'Fhe temperature of the tube surface 
at (‘ach lieat flux was evaluated from the resistance so determined (Sinha, 1955). 
Th«' li(|uid temperature (bulk) was measun'd by 3 welded type single junction 
th(Tmo-(^ouj)les (copper-(*onstantan). Th(‘ p.d/s were measured by a standar- 
disi'd Diesselhorst thermoelectric frc'c potentiometer capable of reading upto 
0,1 //-V. The actual measureiiKints were taken down to l/^v. 

Experimental procedure 

The tube surfaces were very thoroughly cleansed by successive washing 
uith acetone, benzc'iie, carbon tetra(;hloride and finally witli ether. Dare was 
taken to avoid any contamination from grease. The liquid was charged into the 
dewar. The measuring current was then set in and the whole assembly was 
allowed to stand for sometime before the heating current was switched on. 
Tlieheating current was increased in steps of 0.2 amp. and the corresponding p.d. 
bedween the electrodes W'ere noted. After reaching a suitable maximum value 
the heating current w^as decreased in steps of 0.2 amp to test for hysteresis effect. 
Th(' bulk liquid temperature w as also measured in each step by means of three 
thermocouples inserted into the liquid at different depths. Betweem successive 
runs, the whole system was allow^ed to stand idle for about one* hour. Several 
such runs were taken for each tube to test for reproducibility of results. 
Before performing a run the standardisation of the potentiometer w as checked up 
each time. 


RESULTS 

Experiments were performed wdth three copper tubes, two tubes of an alloy 
of Cu-nickel Zinc (5.88% Cu, 16.48% Ni and 77.50% Zinc) and one tube of Nickel 
supplied by Messrs. Johnson Matthey and Co. Ltd., London. Commercial ether 
(labelled, solvent) and the same after purification were used. Five runs were 
performed for each heater-liquid combination. 

The values of (temp, difference between the heater surface and bulk 
liquid) and ^(heat transfer coefiScient ) as obtained in the present work for the 
different heaters, at a fixed heat flux viz. 45,000 Btu/hr.eq.ft. is shown in the 
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table below. The Graphs in Fig. Nos. 2, 3, 4 show the variation of heat flux 
with A< and h vs A< in the range of heat flux from 10,000 to 55,000 Btu/hr. sq.ft. 



TABLE I 


Liqiiid ; 


Heater material 

Heat flux 
Btu/hr. sq.ft. 

At 

h. 

Btu/hr. sq.ft. 

Ether 

(0 

Cu. 

45,000 

19 

2365 

(Ordinary) 

(»»■) 

Cu-Ni-Zn* alloy and Nickel 

>» 

22 

2045 

Ether 

(0 

Cu. 

» 

21.25 

2120 

(Purified) 

(w) 

Cu-Ni-Zn. alloy and Nickel 

»» 

24.76 

1820 




in OjP— ► 

q/A vs. At curves for pure ether. 
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CONCLUSION 

(1) The variation of slopes in qjA vs At curves between the ordinary liquid 
and the liquid, when purified, is not much significant. 

(2) For the same tube and the same heat flux, the heat transfer coefficient 
decreased from impure to pure li(]uid. 

(3) The h ^ At curves di<l not follow similar patterns. 
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EXCESS THERMODYNAMIC FUNCTIONS OF BINARY 
MIXTURE: SYSTEMS FLUOROBENZINE+TOLUENE 
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ABSTRACT. Tho oxress enthalpy and the extiosB volume of mixing for the binary 
system Toluene -j- FI uoroberizene at 25‘’C. have been exporimontatly deteimined with the 
irncrecalorimeter and the pyknometer reHpertively. The results have been examined in the 
light of Balescu’s method and our modified approach reported earlier (Anantaraman et, al. 
191)1. 1902, 1963). An interesting feature of the present system is that the values of and 
/’/i’ are of opposite sign. 

1 N li O D U C T I O N 

In continiiation of our study on the accurate moasureineiits of the thcrmo- 
dynainie (‘Xcess functions of binary liquid mixtures, one component of which is 
slightly dipolar, and their interpretations in the light of the recent theories on 
the weak dipolar orientation, (Anantaraman, et. al. 1961, 1962, 19f)»S) we report 
here the results of the study on the flnorobenzene-toluene system. Values of 
the excess enthalpy and the excess volume of mixing at 25^0 are given and 
the results are analysed by our modified theoretical approach. 

EXPERIMENTAL 

Experimental procedures adopted for the measurement of the excess enthalpy 
and the excess volume change were almost the same as described earlier except 
that the heating unit in the thermostat of the exttess enthalpy measuring gadget 
was replaced by a freon gas operated cooling unit. 

Purification of the. Sample 

Fluorobenzene was prepared in this laboratory from the decomposition of 
stable salt benzene diazonium fluoborate by the method of Balz and Schiemann 
(1943). The distillate was separated from any phenol that had settled out. It 
was washed with 10% sodium hydroxide solution until the washings were 
ahnost colourless and then once with water. It was dried by shaking with 
crushed calcium chloride and then distilled in an all glass assembly. The middle 
fraction collected was further dried and distilled over a 40 plate fractionating 
column. 

The purification of toluene was done in the same way as stated earlier 
(Anantaraman, et, al, 1963). Comparison of the densities of toluene and fluoro- 
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benzene measured in our laboratory with those from other standard works has 
been made in Table I. 


TABLE I 

Densities of Pure Substances 
Density, 9/cm Density, g/cm 

1 Substance (This work lit 25°C) (other determinations) Ref. 

J. Timmermans, 

Toluene 0.86271 0.86250 I Physico-Chemical Constants 

j of Pure Organic Compounds 

Fluorobeii'/ene 1.0191 1.01919 J (Elsevier Publishing Co., 1950) 

RESULTS AND DISCUSSION 
Th(‘ excess hi‘at and volume change of mixing were determined at 2r>^’f' to 
enable us to e-ompare the experinu'utal results dircitily witli the theoretical predic- 
tions without taking retumrse to any interpri^tations. In tht‘ present work (certain 
draw})acks of earlicu* u-^orks in this resp(*(‘t have been avoided. The exc(‘.ss heat 
against the mole fraction shows a miiiiniuni of 05.0 J/mok* oc(*urring near Xj 
(mole-fraction of toluene) — 0.5 

On the other hand, similar plot for excess volume shows a maximum of 
0.035 C.C. near Xji - 0.35. 

The excess heat can be best represont(^d by the equation 

— — 22U.4--7.7o(r^— Xfi)-) 28.i5(x4— J/mole (I) 

Althougli the plot of excess volume shows a pronounced asymmetric behaviour 
where tlu‘ maximum has hc^en shifted far towards the polar end of the scale, too 
much importance should not [)e given to the exact shape of this curve. This is 
due to the fact that excess volume is itself very small and consequently the error 

mole fraction of toluene 



Fjg. 1. Heats of mixing system; Toluene: Fluorobenzene— Temp. 25"'C. 
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may be very large, particularly, at the both ends of tlie mole frac^tion S(tale. Duo 
to this reason no empirical equation has been given for We satisfy ours(dves 
with the value of at Xj^ =: 01). Table II and Table Tfl give respectively the 
values of and measured at 25"C while figure I graphically n^presents the 
data. 

TABLE II 
Heat of mixing 

System : Toluene -|-Fluorobenzoiie 

Tomp. ^molefraoiion of toluene in the mixture, in J/mole 

2r)X^ 


Xa 

.0944 

.1994 

.2142 

.3175 

.4801 

.6163 .6997 

.6877 

hE 

-17.6 

-34.2 

-30.0 

-47.7 

-55. 1 

-63.6 -63.5 

-49.0 

Xa 





0.8038 

0.9031 


JiE 





-34.5 

— 17.6 



TABLE III 

Volume change of mixing 

System : Tolueiio-f-Fluorobenzono 

Temp. 

25°() 

X I =molo fraction of toluorio in the mixture ; in gm/molo. 

Xji 0.0366 0.118 0.2748 0.3002 0.4887 0.6406 0.8610 

■|-(t.012 +0.011 +0.024 I 0.027 +0.028 I 0.020 + 0.012 

0.1819 0.3519 0.4696 0.6211 

,.E +0.023 +0.031 1-0.027 +0.030 

For a theoretical analy8i.s mv follow Anantarainan, Bhattacharyya and Palit, 
(15)61) and treat the system as a mixture of polarizable dipolar and polarizable 
nonpolar molecidcs where eai'h excess function (tonsists of three terms such as 

j^E = ^B^4-feB^(pnre dipolar) f*®j,(polarizability) ... (2) 

The first term of the R. H. S. of (2) is the contribution of central forties and the re- 
maining two terms are due to orientational forces of dipolar origin. The contri- 
bution duo to polarizabiUty can be neglect<‘d and we are left with the first two 
terms only. If one assumes, for unlike molecules, the combination of ‘Lorentz 
— Berthelot” typo, one gets the Balescu’s (1966) expressions for the excess 
functions of pure dipolar origin. The corresponding expressions for the central 
forces should then bo taken from equation (10.7.6) of Prigogine (1967). On 
the other hand, if there is a deviation from the above mentioned combination 
rule wo shall use Anantaraman, Bhattacharyya and Palit’s equations (24 and 26,) 
for pure dipolar contributions and use corresponding expressions from^ central 
forces from Prigogine taking account of this deviation. Table IV gives the 
critical constants of pure substance. 
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TABLE IV 


Criti(tal constants of pure substance 


Substance 

tc^C 

p(j atmos. 

Vc cm^/mole 

Toluono 

320. «» 

41.6® 

.304.9 

Kluoro benzene 

286.51 

44.621 

268.9 


We have preferre<l to calculate* S and p from critical constants of the pure 
iroinponeiits assuming that they obey the theorem of (jorresponding states. 
Only reliable value of tp and ean b(^ obtained for fluorobenzene and Vp of this 
component has been cal(*ulated from the empirical equation. 


_ 20.8T, 


( 3 ) 


where pp is in atmosphere, is absolute temperature and Vp indicates the critical 
inolar voliuiie. To juaintain the uniformity and to reduce the errors same proce- 
dure has been adopted to obtain Vp of toluene. Table V illustrates the close 
agreement of S and p calculated from critical (‘onstants by two different 
methods, i. e. 



] 1-^ =T,'B/T/ 

... (4) 



... (6) 

and 

II 

... ((}) 



... (7) 


where A is the ref(Ten(*e component in terms of which p and ^ have been expressed. 


TABLE V 


Values of 8 and p calculated from two different equations 


Reference 

Substance 


1 + 5 



1 + P 


from (4) 

from (.5) 

moan j 

from (6) 

from (7) 

mean 

Toluene 

Fluorobenzene 

0.H426 

1.0608 

0.94.59 

1.0.572 

I 

0.9443 
1.0690 j 

0.9603 

1.0413 

0.9596 

1.0421 

0.9600 

1.0417 


The value of the dipolar perturbation F and all the configurational properties 
of the pure components at 25°C are taken from Anantaraman et al. (1963). 

We first calculate the excess functions assuming that the “Lorentz-Brthelot'* 
combination rule (i.e. 0 = is obeyed. For an equimolecular mixture with 
S == 0.0677 and p = —0.040, one obtains at 26®C. 

(Toluene as reference) = 49.4 cal mole~ ^, 

(Fluorobenzene as reference) = 60.2 cal mole“^ 

(average) = 49.8 cal mole~M h^p = 68.8 cal mole-^ 

= + 118 cal mole-^ 
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(Toluene aw reference) — 0.253 cm^ mole ^ 

(fluorobenzene as refereii<5e) — 0.251 ein^ niole'^ 

(average — 0.252 cm* mole~' 
v^p = 0.187 (?m* mole~^; = 0.439 cm* mole 
While the experimental values for an equimolar mixture at 25'^C are : 

==~ 13.1 cal mole"^; v® — 0.03 cm* mole-^ 

The calculated results an^^ thus not in agreement with experimental data ; even 
the sign of has not been correctly predicted. 

Next we assume deviation from ‘Xorentz-Berthelot’* approximation and 
proceed with the Anantaraman el aVn treatment. We adjust 0 to fit the excess 
function believed to be most accurately obtained experimentally. The excess 
volume is then pnnlieted using the value of 0 obtained in this way. One could, 
in ])rinciple, retain both 6^^^, (i.e 0) for in the expressions of excess functions 
and then adjust them to obtain the best possil)le fit. But such a procedure would 
hardly be worth while hen* as the <lata available for this system would not he 
sufficient to compare these parameters for (jonsistency. 

Pro(^(‘eding as mentioned we obtained 0 ~ -|- 0.0207 when toluene is taken 
as the reference substancie, the value of ^ and p remaining unchanged as before. 
For an equimolar mixture at 25''C the calculated excess functions are : 

(toluene as reference) = —85.8 cal mole* 

(fluorobenzene as reference) 84.0 cal mole 
(average) ~ —84.9 cal mole- ^ 

==71.8 cal mole 

— — 13.1 cal mole’ ^ 

and (toluene as reference) — 0.107 cm* inole*^ 

(fluorobenzene as refen‘nce) — 0.104 cm* mok* 

(average) = 0.106 cm* mole"^ 

— 0.198 cm* mole“* 

—0.094 cm* mole^^ 

We find that the predicted is very (dose to the experimental result and the 
agreement is more or kjss satisfactory. As the absolute value of is itst^lf very 
small and as the theoretical value of is obtained from the difference of two large 
quantities, a small error in any of the parameters used for theoretical calculation 
will cause here a large discrepancy between the experimental and the predicted 
result. The main source of error lies, of course, in the estimation of p and S, which 
may contain an uncertainty from 6 to 10%. Beside this, we have neglected the 
contribution from another important source, viz., the contributions of globular 
origin. The latter effect has been supposed to be appreciable for many similar 
systems*. It is possible, in principle, to estimate this effect from the simul- 

*S. N. Bhattacharyya (unpublished results to be communicated shortly). 



98 


8. N. Bhattacharya and Asok K. Mukherjee 


taneouM moasuronient of all three major exeeas functions i.e., and 

Work is in progress in this laboratory to obtain of this system and to ascer- 
tain from it such effects. Tt might bo mentioned in this connection that the 
excess functions of this system are very peculiar and interesting in the sens(> 
that they have opposite signs i.e.» < 0 and > 0. Two other systems studied 

by Anantaraman rf al (1961, 1963) might be recalled here for comparison. One 
is the ''carbontctraohloride-f (chlorobenzene’’ system where Ti^ > 0 and < 0 
whereas in another, ‘‘chlorol)('nzenc4- toluene” both A® and have negative 
values. Most of the other system of this types have > 0 and > 0. The 
fair success of the present approach to such an unusual set of excess functions 
again shows its validity and demonstrates clearly the complex nature of 
their origin. 
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EXPERIMENTAL STUDY OF DURATION OF CONTACT 
OF A TRANSVERSELY IMPINGING LOAD ON 
CANTILEVER 

B. Ti. BANEKJEE 

ThVSKS J^ABOKATOIiy, UNIVKIISITY CoLLEUK of ENOlMKKHlNa, JiUllLA (ObIHSA). 

(Received il 1963) 

ABSTRACT. In tliin pnp(ir the variation of duration of contaet for two metal hammers 
striking transvors('ly a nuld steel rod, fixed atone eiiii from respectivii particular distances, 
has l)i*cii photographically studiiMl. 'JTie tinu* i.s recorded by the ahadow^-grajih of a light 
jxiintcT aftaelied to an electrically maintained tuning fork of frequency KHL The duration 
(»1 impai-t has Ixmmi found to vary discord inuously with striking distances measured from fixed 
end of the cantilever. 'I’he phenomenon of multiph' or double c(}ntacts within the period 
of impact, has been observed in almost all (*a8es. This secmis to be duo to fluctuating pressui*es 
causi'd by refkuded transverse wa\'es from both (^rids producing redactions on tlie hammer. 
Ill cx’cry photograph the vibration curve of a section of the rod is fluctuating over tla* general 
siiK' cur\(d. This shows that vibrations have set m the rod during impact itself. Th(»st‘ 
observations will help settle many outstanding problems in the vibration of (aintilevers and 
lead to a (*oiTe(!t theoretiiuil understanding of the problem. 

INTRODUCTION 

IJayleigli and St.Venant by the help of tlio normal function tried to 
give tlu'oretitdal explanation of th(‘ free vibration of a bar including a fixed-free 
lair permanently loaded at tlie free end. Morsid has eonsidered the case 
w Jien the vibration is set up by initial velocity. Timoshenko has (donsidered 
the Hertzian impact between the bar and transversely impinging load. M. Ghose 
and K. D. Roy tried to study the dynamic's of the vibration of a bar excited 
l>y transverse impact of a load and obtaiiK^d the expression for duration of 
impact. Their analysis is not however complete to explain the experimental 
facts whivh are observed and reorded in this paper. No detailed experimental 
observation has been on record so far. The results of the observations made 
ill this paper may lead to correct theoretical apj)roach to this problem. 

EXPERIMENTAL 

In this paper we record some of our experimental observations of systematic 
study of the problem. The experimental study of the duration of impact for dif- 
forent mass of the hammer striking transversely at different points of a cantilever 
lias been made by photographic method. The experimental arrangement for 
iiHJording the duration of impact is similar to that adopted by M. Ghose 
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in tlio study of struck string. Elegance of this method over other methods 
is that the photograph obtained by a moving camera clearly records the com- 
pl(it(‘ behaviour of tlie cantilever at successive stages during impact. 

A mild ste(>l rod of lengtli 9(1 ciiis. and diameter 1.27 cms. is fixed rigidly at 
oru' (‘lid in a lu^avy iron pillar, whose basc^ being embedded in (joncrete in order 
to (uisure that there is no yielding at the fixed end. The rod is found to remain 
horizontal. This has been thoroughly tested by the help of a spirit level. A 
pendulum with bifilar suspension is usc^d for the impinging load. The shadows 
of the rod, the pointer of an electrically maintained tuning fork of frequency 
100 for tiriK* base and the impinging load are simultaneously photographed on 
the moving photographic paper on trolley inside tlu' camera box. The system is 
illuminated by an are lamp from tin* top. 

Ampk‘ ])recautions are taken during ex])(‘riment such tliat the load striki^s 
th(' rod ])erpendieular]y and that there is no overlapping of the shadfiw^s of th(‘ 
load and tlu* rod just before and afti^r contact otherwise this would introduce 
serious (Tror in the measununents. In order to obtain the simultaneous photo- 
graph of the impinging load and the rod. sufiBcient care has been taken in rtdc^asing 
the photo carrier with its trolley and the impinging load in time from their res- 
])eetive mechanical catclu's. 
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TABLE I 

Brass hammer — Spherical. 

Weight of hammer — 240 gms. 

Radius of curvature of surface of contact 1.905 cms. 

Velocity before impact : 88.5 cms./sec. ^ 


striking 

Duration 

Duration 

Duration 

Striking 

Duration 

Duration 

Duration 

distance 

of successive 

of 

of 

distance of successitte 

of 

of 

in cms. 

contacts 

separation 

impact 

in cms. 

contacts ' 

separation 

impact 


in sees. 

111 sues. 

in secs. 


in secs. 

in secs. 

in secs. 

45 

.00304 

.00301 

.01107 

70 

.00199 

.02493 



.00442 




.00263 

.01971 

.05421 






.00495 



60 

.00631 

.00374 


75 

.00516 

.01683 


.00621 

.03730 

.05960 


.00865 

.00373 

.06659 



.00704 




.03222 



“ 56 

.00599 

.0(i221 


80 

.00319 

.01263 

— 


.00345 

.02161 

.03965 


.01236 

.00546 

.05385 


.00639 




.02021 



60 

.00513 

.03243 


85 

.01208 

.01220 



.00370 

.01086 

.05558 


.01997 

.00455 

.07097 


.00346 




.02217 



65 

" .00527 

,02195 



.00597 

.01089 



.00740 


.05351 

89 

.01168 




.01542 



.00324 

.02266 

.06195 

.00347 





.00590 

.00131 




The hammer is released lueclxanically from a fixed distance to keep the velo- 
city of impact constant. It strikes the rod at a point the distance of which is 
measured from the fixed end of the rod. The observations are made at points 
6 qms. apart, the last (me being at 89 cms. 

The measurements of duration of contact and duration of separation have 
been made by a comparator reading upto .0001 cm. The number of waves 
traced just overhead by the fork (xf frequency 100, within the same length of the 
hamtnet’s shadow in contact with that of the rod, helps to measure the duration 
of impact or separation during impact. ^ 

DISCUSSION AND RESULTS 

The durations of impact for different struck points and for different hammer^ 
ar6 given in tables I and II. It is found that in almost all case^ there 
we double or multiple contacts before the hammers finally leave the rod. It is 
obvious that these phenomena are due to the influence of the reflected 
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from the ends that overtake the hammer. The duration of impact is a root of the 
pressure equation P =/(<) = 0, of the load. This equation may have multiple 
roots of which more than one may be real and positive. In that case it is more 
logical to define the real duration of impact as the greatest real positive root of 
the equation /(<) =0. After this maximum value of the root, the pressure 
becomes negative, and the load leaves the rod completely. 


TABLE II 

Weight of hammer — ^mild steel — 233 gms. 

Radius of curvature of the surface of contact — 2.432 cms. 
Velocity before impact : 99 cms/sec. 


Striking Duration 
distance of 

from fixed successive 
end contacts 

in cms in secs. 

Duration 

of 

separation 
in sees. 

Total 

duration of 
Impact 
in secs. 

Striking 
distance 
in cms. 

Duration 

of 

successive 
contacts 
in secs. 

Duration 

of 

separation 
in secs. 

Total 

duration of 
Impact 
in secs. 

35 

.00386 



66 

.00819 





.00297 

.00994 



.03631 

.05217 


.00311 




.00867 



40 

.01044 



70 

.00443 





.00253 

.01688 



.02242 



.00291 




.00850 


.06160 







.01066 







.01569 



45 

.00283 



76 

.01108 





.00297 

.01054 



.00738 

•06246 


.00474 




.04400 








.00268 



50 

.01371 

X 

.01371 

80 


.00306 







.00441 


.07409 







.00980 







.05414 



55 

.00482 



85 

.01091 





.00344 




.01743 



.00666 


.04619 


.01865 


.07080 



.02047 




.01046 



.01101 




.02235 



60 

.00667 



89 

.01124 





.03117 

.05766 



.02029 



.01082 




.01570 









.00953 

.07680 






.00716 









.00570 







.00719 




Column (I) shows the position of contact on the rod measured from the fixed 
end. Column (2) shows the duration in seconds of respective contacts. Cohnnn 
(3) diows the duration of separation in seconds which is the time between two suo- 
oessive contacts. Column (4) shows the duration of impact, measured firom the 
histsnt the hammier makes first contact with the rod to the time when it complete 
leaves it. It' is same as the sum of the time of all the contacts and the time during 
ttrhioh tfieload does not remain in contact with the rod as depicted by black paidiM 
vdtldn 'tbh shadow graph (Fig. 2). 
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Graphical representation (Fig. I) of variation of duration of impact 'wfth 
striking distance shows that duration of impact changes disconiinuously with the 
striking distance and tends to minimum as the fixed end is approached. The 
two striking loads of different materials depict slightly different character in 


89 cms 


85 cms 


80 oms 


75 cms 


70 oms 


Brass Hammer 



45 cms 


65 cms 


60 oms 


55 ems 


SOcnfs 


Fig. 2. 
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th» Jliehavioar of duration of impac-t though tlieir general behaviours are similar. 
This difference may be due to the fact that they arc different in weight and mateiiail 
and- were impinged with different velocities. 

It is evident from the observations of multiple contacts within the period of 
impact that pressure of impact fluctuates. This can not be explained by analyses 
given by Rayleigh, M. Ghose and K. D. Roy or Timoslu'nko. It suggests that 
transverse waves are generated in the rod which on travelling along the rod are 


Mild Steel Hammer 


89 <smB 


60 omB 



36 ems 


65 cm8 


40 ems 


Fig. 3. 

reflected irom the ends and produce reaction on the load. In this way there may 
be successive reflections before the load completely leaves the rod; hence there 
Biijpe multiple contacts. None of the existing theories is able to explain the above 
fluctuations of pressure during impact as observed photographically. 

The photographs show that the rod begins to vibrate as soon as impact begins. 
The vibration curves after impact show that some overtones are present along with 
the fundamental which is evident from fluctuating nature of vibrations over the 
general sine curve. The theoretical explanation of the same is in progress and 
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will be published in due course. Experimental study of the different aspects of 
the problem is also in progress and will be reported in short time. 
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ABSTRACT. The distribution of positive ions in the F-region of the ionosphere is 
controlled mainly by the following prooesses: 

(а) photo-ionization of atmospheric constituents, 

(б) ion-atom interchange, 

(c) dissociative recombination of molecular ions with electrons and 

(d) difhision and drift of ionization. 

Of these processes, the rate of production of ions from photoionization can be calculated 
with a fair degree of accuracy from rocket data (Hinteregger, 1961) of the solar spectrum in 
the ultraviolet and x-ray regions. The rate coefficients of dissociative recombination process 
are known but the rate coefficients of ion-atom interchange reactions, which are responsible 
for reshuffling the ions, are not available. From the rocket-borne experimental determination 
of percentage of ion compositions (Johnson, 1961), the rate coefficients of these reactions 
are obtained. 

In order to reproduce the known ion composition, the rate coefficients of ion-atom inter- 
change reactions should vary with altitude. Assuming that the temperature dependence of 
the above process is analogous to that of a two-body chemical reaction, their altitude variation 
and activation enezgies are obtained. The rate coefficient of the reaction, 

0++02-^02++0 

at SOO^K is found to be 3.07 x lO'^i om^/sec which agrees with the experimental value of 
S.5db0.4 X lO^ii oms/sec obtained by Dickinson and Sayers (1960) at the same temperature. 

INTRODUCTION 

To understand many upper atmospheric phenomena, e.g., night airglow, 
aurora, twilight airglow etc., the processes controlling the distribution of ions and 
electrons in the upper atmo^here should be clearly understood. It has been 
realised by many workers (Martyn, 1969, Yonezawa and Takahashi, 1960, Bates 
and Nicolet, 1960, Hertzberg, 1961) that the following prooesses together with 
the diffusion of ions and electrons are mainly controlling the distribution of ions 
in the ionosphere. 

(1) photo-ionization of the atmospheric constituents, 

(2) ion-atom interchange, and 

(3} dissociative recombination of molecular ions with electrons. 

* Now at the Depiurtmeiit of Physios, Jodhpur University, Jodhpur, India. 
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However, the relative contributions of these processes in controlling the distri- 
bution of ions in the ionosphere is not yet definitely known. 

With the exception of the ion-atom interchange reactioiis, the rate coefficients 
of the above processes are known. In this paper from the rooket-bome experi- 
mental determination (Johnson, 1961) of the percentage of ion composition upto 
220 km, the rate coefficients of these reactions are obtained. Using these rate 
coefficients, the ion distribution in the F-region is calculated upto 400 km. It is 
found that above 180 km, diffusion and ion drift must be taken into account to 
obtain the correct ion distribution with height. 

DAYTIME lONOSPHEBIC PROCESSES 

The ionization of the upper atmospheric particles, which consists mainly 
of Oj, Nj, 0, N and NO, is caused by solar radiations in the X-ray and ultraviolet 
regions. Bates of production of ions by X-ray have been calculated by Ghosh 
and Sharma (1961). In addition to ionization by X-rays, Ghosh and Shardanand 
(1960, 1961) considered ionization by ultraviolet radiations and that produced by 
Auger electrons and photoelectrons. 

Bates (1965) showed that primary photo-ions are reshuffied by the ion-atom 
interchange process. To obtain daytime ion distribution in the F-region, consider 
the possible ion-atom interchange reactions as given by Hertzberg (1961), namely. 


0+-fN*-^ NO++N-M.114 0V (la) 

0++0,-> Oa+-fO+1.63 „ (lb) 

N+-f08-> N0++0-f6.70 „ (lo) 

N+-f08-+ N0+0+-f-2.32 „ (Id) 

08+-fN-+ N0+-}-0-l-4.23 „ (le) 

0.+-f N,-i NO++NO+0.99 „ (If) 

N*+-fO-> NO++N+3.10 „ (Ig) 

N,+-|-N-> N,-|-N+-l-1.04 „ (Ih) 

N*+-fOa-» NO++NO+4.60 „ (li) 


The reaction 08+4-N-» N0-i-0+ which has been considered by Hertzberg has 
been neglected in our analysis as the reaction is endothermic (Bates and Nioolet, 
1961). 

The following recombination reactions are considered : 

(9a) 

N8++e-4 N'-f N' ... (2b) 

NO++e-> N'-i-O' ... (2o) 

where (') signifies the* excited species. 

(Due to the high rate of photo-dissociation of negative ions, its presence has 
been neglected while considering the daytime equilibrium of positive ions). 
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‘ ' T5ie equations governing the daytime distribution of positive ions in the 
F-region are given by : 

= '(3a) 

\^ere 11(02), 11(^2), n(0), 0(15) and n(NO) are denoted by a, b, c, d and c 
Epspectively. n(02+), n(N2+), n(0+), n(N+), n(NO+) and n(e) are represented by 
Xi, Xg, Xj, x^, X5 and N respectively. J^, J^, J^, and /j are the probabilities of 
photo-ionization of O2, N^, 0, N and NO. and are the rate coefficients 

of dissociative recombination reactions (2a), (2b) and (2c) respectively. 

. If a,. (r,= 1, 2, 3, ... 9) denotes the rate coefficients of ion-atom interchange 


reactions (1), we have 

Xj = Jja-\-a^3—Xi(a^d^(x^+PiN) ... (3b) 

— ... (3c)' 

Xs = JgC-f a^ciXj— X3(ai6+a2«) ••• (3d) 

. X4 = J^d+a^x.^—x^{ix^-\-oi,^a) ... (3e). 

x^r=. J5c-t-aihx34-a3ax4-f Xi(a5d4-a6^)+a;2(a7c4-a#a) —fi^Nx^ ... (3f). 

liquations (3b) to (3f) can be written as, 

‘ *1 = -miiXi-fmijXj-l-li ... (4a) 

X 2 =—m 2 ^, 2 +h ••• (4b) 

( *8 =—ni33X»+m3i,Xi+l3 ... (4o) 

=— W»44*4+™li!*8 + ^4 ••• (4d) 

i ' ' 

], ij =-m55X5+m5iXi-t-jnj2a^2+«i63»3+»»64»4+^fi — {4e) 


^here, 


7 W»n — 


^22 = ctfC+a^d+a^a+jB^N 


^33 = 



wtgj = ajb 

^66 = fizN 

m54 = agO 

TW>j^3 CCt^ 

— — d jU 

^34 “ ^4® 

k ^Jj> 

m ^2 ~ ^gd 

( 

TOgi = ayd+a^ - 

11 

m,j = 0,0+ a,a 

I5 =a Jyt. 
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Denoting the initial concentrations of positive ions x®,- {i — 2, 3, 4, 5), the 

solutions of equation (4) are obtained. For example, the solution of equation 
(46) is given by 


171^2 ' ^22 



6-^22 t 


... ( 6 ) 


In a similar manner the other solutions can be obtained. 

Substituting the numerical values of various quantities in equation (6), 
daytime distribution of ions at different altitudes can be calculated. 

CALCULATION OF ION DISTRIBUTION 
FOR THE F - REGION 

Using equation (5), the ion distribution in the F-region is calculated after 
determining the rates of production of ions and (uinstants (m*) at different alti- 
tudes. 

(a) Rates of production of ions 

To determine the rates of production of ions, the following procedure is 
adopted : 

The number of photont*, ?^(Av) 2 , incident per S(j. cm pcT second corresponding 
to frequency v at an altitude z is given by, 

n(hy)z exp (—li n(i)Jl ) ... (0) 

i 

where, 

n(hy)g ^ — number of photons of frequency v at the top of the atmosphere, 
pa^rticle concentration of t-tli constituent at the altitude z, 

scale height of the i-th constituent at the altitude s, 

and cTfii — absorption cross-section corresponding to freciuency v for the i-th 
constituent. 

The wavelength region 1000—100 A, which is mainly responsible for the 
photo-ionization of F-region, is divided into intervals such that within each inter- 
val the absorption coefficient is practically constant. For oxygen and nitrogen 
atoms, the photo-ionization cross-sections given by Dalgarno and Parkinson 
(I960) were utilized. The absorption cross-section of O 2 upto 500A as given by 
Watanabe (1968) and below it those obtained by Weisslor et al (1955), arc taken. 
For JVa upto 303 A absorption cross-section given by Watanabe (1958) and below 
it those obtained by Weissler et al (1952) are assumed. Miller's (1957) model 
of atmospheric composition and scale heights as given in ARDO model atmosphere 
1959 are used. Thorough mixing is assumed upto 150 km for and upto 180 km 
for Na, N and 0. Above these heights diffusive equilibrium is considered. Values 
of n(Av) have been taken from the results of rocket-borne experiments extra- 
polated by Hinteregger (1961). 
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The rates of production of photo-ions produced due to ionization of the 
i-th constituent is cahjulated from the expression, 

Syi(Avh • n{i)^ • == ^ ’ Ju 

V 

where, Ji^ is the probability of ionization of the i-th constituent at the altitude z. 

The absorption coefficients and atmospheric composition as mentioned 
above have boon used. The calculated rates of production of ions are given in 
Table I. The production of NO+ ions due to photo-ionization above 120 km 
has been iK^glected owing to the small density of NO molecules. Tlie ionization 
due to solar X-rays is significant only below 160 km and is sliown in Table I. 

(b) Determination of comta/nts m* 

The constants m* are controlled by rate coefficients of ion-atom interchanges 
(a*) and dissociative recombination (/?^) processes. Th(^ electron density used 
in the calculations has been taken from ro<‘kct-borno cxpeT-imciital data obtained 
by Nisbet (1960). It is assumed that the rate coefficients of ion-atom ijiterchange 
and dissociative recombination processes are constant. Taking known values 
of /?^, a* are fixed at 150 km so as to give the observed perc'cntage distribution 
of ions (Johnson, 1961). Using above values of a* and /i\ cciuilibrium time (Table 
II) is calculated for each ion and it is found that except for 0^ and NO^ above 
320 km, equilibrium is established wthin a short tinie. Taking above values of 
a* and /?*, the ion distributions are calculated up to 300 km. Thesci distributions 
are compared with those obtained from Johnson’s data (Fig. 1). It is found that. 


p 


Ion density (cm""3) 

Fig. 1. The altitude variation of positive ions concentration in the F-region assuming the 
same rate coefficients for every altitude as that fixed for 160 km. 

(i) the calculated distributions do not agree with the observed distributions 
below and above 150 km and that the discrepancy between two distri- 
butions is greater above 180 km, and 
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400 1.29x10-* 2.30 5.26 I .35 
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TABLE n 

Equilibrium time (tlie time required to attain 1 /e-th of the equilibrium 
concentration) for various ions 


Altitude 

(km) 

O2+ 

No- 

+ 

Time of eqiii ibrium for 

0+ N+ 

NO+ 

120 

22 . 4 HOC 

0.22 

sec 

0 . 65 see 

11.96 sec 

0 . 66 sec 

160 

1 . 03 mtfi 

0.66 

HOC 

28.8 

sec 

1 . 55 sec 

28 . 8 sec 

200 

2.81 „ 

1.02 

ft 

5.4 

mts 

9.36 

6.4 mts 

240 

1.99 „ 

1.61 

tt 

35.0 

tt 

1.03 mts 

25.0 „ 

280 

1.15 „ 

1.43 

rp 

2 . 65 hrs 

4.80 „ 

2.65 

320 

1.16 „ 

1.57 

M 

9.53 

tf 

17.67 .. 

9.63 „ 

360 

1.61 „ 

2.25 

ft 

28.61 

ft 

64.33 „ 

28.61 „ 

400 

2.21 „ 

3.12 

tt 

75.56 

ft 

2 . 44 hrw 

75.66 „ 


TABLE III 

Altitude Variation of the Effective Recombination Coefficient a^ff 
(assuming /ij* — 1 X lO^^cm^/sec, — 4x 10~’ cm®/sec and /? 3 * as follows) 


Altitude 

(km) 

/33(om3 see"'!) 

(rg//(cm^ 

Calculated 

8ec-i) 

Havens et al 
(1964) 

120 

6.6x10-8 

6.0x10-8 

1.6x10-8 

140 

1.6 = 10-7 

1.4x10-7 

— 

150 

1.3x10-7 

1 . 1 X 10-7 

1.6x10-8 

200 

7.5x10-9 

4.4x 10""9 

2.0xl0~» 

250 

3.0x10-9 

1 . 1 X 10-10 

1.3 X 10-10 

300 

— 

l.lXlO-n 

1.6x10-11 

340 

— 

7.2x10-12 

6.0x10-1!! 

360 

— 

7.6x10-12 

3.0xl0-ia 

400 

— 

7.4x10-12 

1.8x10-1* 


♦Bortner and Baulknight (1961) have recently reported that and ^2 arc temperature 
H'^pendent whereas is independent of temperature. Their values are pi =9.1 XlO**® 
p 2 l.lXlO-« T-J/2 and /5s = 1x10-8, 
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(ii) total number of positive ions is not equal to electron density. 

From above, it is clear that m* should vary with altitude. It is generally agreed 
that dia.sociative recombination coefficients are constant (their dcpendanco on 
temperature is not known, Bates and Nicolet, 1960). Therefore, keeping F 
constant, a* are fixed at each altitude to reproduce the observed ion distribution. 
It is found that a* increase upto 180 km and then decrease. /?* can be kept cons- 
tant only upto 180 km and above it they have to be decreased together with 
a*. It should, however, be noted that effective recombination (^oeffioient 
calculated from the expression. 


__ An(0^+) -\-MN^+)+MNO+) 

a,„-- 

agrees with those obtained by Havens et al (1964) except for the J’l-layer (Table 
III) 


The rate coefficient for dissociative recombination of NO+, /? 3 , could not be 
kept constant for all altitudes as assumed earlier. From Eqn. (3), it is seen 
that /?3 appears in the last equation and is therefore solved at the end. If a fixed 
value of /? 3 (say 1 X lO"® cm®/soc) is taken, the density of NO+ ions at lower alti- 
tudes exceeds the electron density which is not tenable. has to be taken as 
high as 1.5 X 10“’ cm® /sec at 140 km which is decreased to 2.3x 10“® cm®/sec at 
ISO km in order to reproduce the observed distribution of NO+. as low as 
3.0x10“® cm®/sec, as suggested by Bates and Nicolet (1960), reproduces the 
observed distribution of NO+ above 180 km and is kept constant for higher 
altitudes. 

Burkard (1962) has suggested that should vary approximately linearly 
with temperature. In our analysis, we obtained that increases approximately 
linearly with temperature (upto about 140 km) and that for higher temperatures 
it decreases exponentially with temperature. This variation in may be due 
to the fact that we have assumed and independent of temperature whereas 
Bortnor and Baulknight (1961) have shown that = 9.1 X 10 — ® = 1-1 X 

10“®T“^/2 and jS^ = 1.0x10“® cm®/sec. The values of and yffg 
of course, of the same magnitude (in the F-region) as those reported by Bortner 
and Baulknight. However, further investigations are needed to verify these 
results. 

From above, it seems that the situation above 180 km is not so simple as 
assumed above. It has been shown by many workers that above 180 km, 
diffusion and ion drift play an important role in the distribution of ions and 
electrons. 
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RATE COEFFICIENTS OF ION — ATOM 
INTERCHANGE REACTIONS 

The rate eoofficicntft of ion-atom interchange reactions except for are not 
determined experimentally. a 2 has been measured by Dickinson and Sayers 
(1960) to be 2.5 J_ 0.4 x 10“^^ cm^/scc at 300®K. Since the ion atom interchange is 
a two-body procc'ss, its coefficient is likely to increase with temperature analogous 
to the rate coefficient of two-body chemical process. Bates and Nicolet (1960) 
pointed out that the rate coefficients of these reactions sliould be an increasing 
function of temperature and that these might possess some activation energy or 
steric hinderancc. We have, therefore, assumed that the rate coefficients vary 
as, 


ccj. = Or exp {—E,,IRT) 

where, r = 1, 2, 3, ... 9, R is the gas constant and Ey represents the activation 
energy. Graphs betvv^een log^ ar and I jT (the values of are already fixed between 
120—180 Ion) are found to be straight lines (Fig. 2). They are then extrapolated 
to obtain a* at higher altitudes (Table IV). From Fig. 2, it is seen that the magni- 



^ xl05("X-i) 

Fig. 2. The variation of rate ooefiiciontfl of ion-atom interchange reactions with temperature. 

tudes of a* do not differ appreciably above 200 km as 1/T remains approximately 
constant (ARDC Model Atmosphere, 1959). The values of a* at 200 km have 
been used for higher altitudes. 

From Table IV, it is seen that the rate coefficients and cc^ of ion- atom 
interchange reaction involving A+ ion and Og vary between 10“^^ and 10~^ cm® /sec 
and that their activation energies are very high i.e. 7.74 Kcal. Since the densiyt 
;of N+ ions is very small, the effect of those rate coefficients on the distribution 
of ions is small. The values of and above 180 km agree with the theoretically 
calculated order of 10“® cm~®/sec for such a reaction (Bates and Nicolet, 1960). 
However, such a high value of rate coefficients has not been obtained for other 



Temperature variation of rate coefficients of ion-atom interchange reactions. Quantities in 
paranthesis represent activation energies of reactions in Kcal 


Distribution of Positive Ions in the F '-Region 


115 



•oes/guio 0 = 



116 


S. K. Ghosh, K. D. Sho^rma and A. Sarma 


reactions which usually vary between 10“^® to 10“^® cm^/sec. Table IV further 
shows that reactions involving the same ion have nearly equal activation energies. 

The value of is found to be 3.07 X 10“^^ cni®/sec at 300®K which agrees 
with the experimentally determined value (2.5 i 0.4 X 10”^^ cm®/soc) of Dickinson 
and SayeTS (1960) at the same temperature. We obtained the values of and 
ag for 1415°K to be 3.0x 10“^® cm^/sec and 1.6x 10“^® cm®/sec respectively. 
Bates and Ni(^olet (1960) also found that and differ by two orders at 250 km 
which, according to ARDC model atmosphere, 1959, has a temperature of 1415°K. 
It should, however, be noted that the reactions (la) and (16) prossess very small 
activation energies, and therefore, they seem to be important reactions in the 
ionosphere. Reaction (la) is probably very important in the Fg region where 0+ 
ions and Ng molecules are in abundance. Through this reaction, 0+ ions are 
converted into NO'’“ ions which readily dissociates (yff 3 ~ 1 . 0 x 10“® cm^/sec) into 
nitrogen and oxygen atoms. The intensity variation of A 6300 with altitude 
in twilight and day airglow may be able to show the importance of the two con- 
trolling processes (la) and (lb) in the higher region of the F-layer. 

EFFECT OF DIFFUSION ON ION DISTRIBUTIONS* 

Using the above values of a* and yS* ion densities are calculated, winch are 
found to be lower than the observed values above ISO km. The discrepancy 
can be accounted for, if diffusion and vertical drift are taken into consideration. 



Fig. 3. The distribution of positive ions in the P-region of the ionosphere. 


*The diffusion of ions and electrons has been considered qualitatively by K. D. Sharma 
(D. Phil, thesis, University of Allahabad, 1962). 
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It is found that for altitudes between 200 and 220 kjn (above which the observed 
percentage ion distribution is not available), the discrepancy can bo partially 
explained if the contribution due to diffusion is taken in the same proportion as 
the percentage of ions ( J ohnson, 1961) Fig. 3. To obtain more accurate agreement 
the vertical drift should also be considered. 

EFFECT OF THE VERTICAL DRIFT 

From the expression for the vertical drift, (Ferraro, 1961), we have 

IF = f (iVw). 

oz 

If it is assumed that the drift vokxdty, co, is constant at every altitude, we then 
have, 



By assuming that the differenee in the total nuiuher of positive ions and the 
oleiitron density at 200 km is caused the vertical drift, 6) is found to be about 
16 metres/sec.. This is of the same order as olitained l>y Ferraro (1961) in the 
F-region (10 metros/see). 
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ANALYSIS OF GAMMA-RAY SPECTRUM OF RADIOACTIVE 
FALLOUT OVER CALCUTTA 
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S. D. CHATTERJEE 

Dbpaktmbiit or Phvsics, Jadavpue Univeesity, Calcutta-32. 

(Received February 25, 1964) 

Systematic record of the intensity of ^ and y rays emitted by precipitated 
samples of radioactive fallout has been maintained in our laboratory for over a 
couple of years. However, with the advent of the current monsoon season in 
May 1963, it was soon evident that the specific intensity of the rainborne radio- 
nuclides had increased considerably above the average value. Since the estimation 
of spectra necessitated somewhat more intense sources, the collected samples 
were grouped into fortnightly batches and assayed by direct measurement using 
a sodium iodide gamma scintillation spectrometer with a single-channel pulse 
height analyser (Typo Philips P. W. 4082). The system was carefully calibrated 
with standard sources in a form simulating the samples to be assayed. Final 
measurements were, however, made with a Nal (S'xS" bore hole) detector in 
conjunction with a Victoreen 800 channel Pulse-height analyser at the ‘Tnstitut 
fur Radiochemie en der Technischen Hockschule, Munchen.” 

Fig. 1 shows the corrected y-ray energy spectrum (range 0-2 Mev.), of a batch 
collected over a period of increased activity from June Ist to June 16, 1963, which 
was obtained after subtracting the background spectrum from the experimental 
curve. The radio-isotopes identified from the spectrum have been classified in 
Table A, in the order of increasing y-energy. 

Most of the radionuclides shown in Table A, have also been detected elsewhere 
by other groups of workers. For example, the Royal Cancer Hospital group 
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(Mayneord ei aU, 1958, Anderson et a/., 1959, Anderson et aL, 1960) measuring 
radioactive fallout in London for a number of years, detected 08-137, Ce-144, 
Zr-95, Nb.96, along with 1-131, Ba-137m, Rh-106, Ru-103, Ba-140, La-140, and 
Pr-143. Working in Sweden, Aler et al., (1956) detected the presence of Ce-141, 
Ce-144, Zr-95, Nb-96, 08-137, and Ru-103. Vohra et al, (1961) had also analysed 
the spectra of radioactive faUout at Bombay in 1960 after the French atomic 
test in Sahara and detected Ba-140, La.l40, Zr-96, Nb96, Tc-99m, Oe-141, and 
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TABLE A 


Isotope 

Energy (Mev) 

Half-life 

Ce-144 

0.07 

284d 

Co.l41 

0.13 

30d 

Ce.l44 

0.13 

284d 

Cs-1.37 

0.66 

30y 

Zr-95 

0.75 

65d 

Nb-95 

0.75 

35d 


A fuller account of these measurements would he published elsewhere. 
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MOLECULAR ORBITAL THEORY OF THE LIGAND FIELD 
IN TETRAHEDRALLY CO-ORDINATED Ni^ COMPLEXES 

R. RAI AND s. MTTRA 

Magnetism Department, 

Indian Association por the Cultivation op Science 
Jadavpur, Caloutta-32. 

(Reteived, January 25, 1964) 

A strong cubic ligand field splits the 3d* ®P ground state of Ni®+ into three 
levels *Ti, *1, and ®A 2 with separations of the order of 10® cra“®. In tetrahedrally 
co-ordinated Ni®+ complexes, the cubic field coeificient is —4,9 that of the octa- 
hedrally co-ordinated ones, so that (1 ) in the former the orbital triplets ®Tj lies lowest 
while in the latter it is the orbital singlet ®Aj; also (2) the corresponding cubic 
separa- tions in the former are less than half of those of the latter (Van Vleck, 
J932; Gorter, 1932, Bleaney and Stevens, 1953). 

A Ni®+ ion can be treated as a system consisting of two d-holos in which the 
three lowest states ®Tj(F), , ®Tj(F) and ®Ag(F) arise out of (t,,)®, and (e,)® 

configurations respectively, so that the determinants! wavcfunctions of the lowest 
triplet ®Ti(F) is 


1^1 = I <0 I 

1 ... ( 1 ) 

I 1 

where etc are single d-electron or hole orbitals in configuration, inclusive 

of the admixtures of excited 3d®4p oonfiiguration orbitals (coming due to the 
absence of centre of inversion in the tetrahedral complexes) and of ligand s- and 
p-orbitals. Thus following Bates and others (Bates, 1962, Bates et al, 1962) 
and WhoKsberg and Helmotz (1952) 

ta==\xy>=N {d»y+rl*>}+ 2 ^{ k +‘^4 -<^s) 

+i (n^+nxi-nx,-nxt)+ 

= |j^> =N [ 
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+ t {^*4 + ^*2 + (^*4+%2~^*l 



tf = \xz> =N [(l+y^{‘^+y •*'>> + (tr^+tTg— (Tj— 0 - 4 ) 


•4~ {^^1 “h ‘^ X 2 ^ 7 Tx ^ — 



where N is the normalizing factor; A is a measure of amount of admixture of the 
ligand s- and ^-orbitals with the central 3d* orbitals; dxy etc represent the largo 
3d contributions and y\z> etc. the 3d* 4p contributions. Now if wo choose 
trigonal axis as the axis of quantization, the appropriate orbital states for the 
lowest triplet is 


1 + > =- ^-[“1^1 > +“*ll^2> +|^3>] 

10 > +Iv 5^2> +l?i^3> 1 


... (3) 


I — > ^ +<^lv^2 > + lv^3 > ] 


where 



and the appropriate Hamiltonian is 


//= +<*'(«{«{ +«^n) — (4) 

where a and a are the effective orbital Lande y-factora (Abragrara et al, 1961) 
parallel and perpendicular to the trigonal axis and takes into account the effect 
of upper ®Ti(P), ®Tg(F) and ®Aj(F) with the lowest triplet ®Ti(F). Operating upon 
wavefunctions (3) by ab(»ve Hamiltonian and solving the secular determinant we 
get the resulting energies and wavefunctions, over which the magnetic pertur- 
bation Hi = ^H(L+28) can be applied. Thus solving in detail the first order 
and second order magnetic perturbations as usual we have deduced an expression 
for the mean susceptibility for trigonally distorted Ni®+ tetrahedral complexes 
and have compared with experimental measurements on [Et4N]2P5’iBr4]. Tt 
may be mentioned here that [EtgNJgPS^iBrg] is a cubic crystal (space group 
with four ions in the unit cell, a ~ 15^.5A) and has a trigonal distortion of the 
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halogen tetrahedron round the ion, the trigonal axis passing through one 
halogen at the vertex of the tetrahedron and the Ni^^ ion and normal to the base 
formed by the other three equivalent halogens. (X-ray studies of Peter Pauling- 
referenco by Gill et al, 11159) 


TABLE, 


Temp 

A 2 

cm“"i 

A. 

cm'i 

A 



A:xl0fl 

(Theo) 

JfcXlO® 

(Exp.) 

300 

201 

80 

- 780 

0.94 

1.67 

5995 

5986 

260 

282 

88 

~ 900 

0.90 

1.69 

C828 

6840 

’ 180 

265 

05 

-1020 

0.876 

1.71 

9520 

9536 

140 

254 

102 

-1096 

0.84 

1.73 

11900 

11909 

100 

245 

no 

-1110 

0.761 

1.76 

15980 

16000 


From the above table we see that the agreement between the theoretical and 
i^xperimontal results is good, provided the second and fourth order trigonal field 
parameters A 2 and A^ be allowed to change from 291 cm""^ and 80 at room 
t(*mperature to 245 cm“^ and 110 cm~^ at 100°K. These in turn change the 
trigonal separation A from —780 cni'^ to —1110 cm'”^, a from .94 to .761 and a' 
from 1,67 to 1.76. The values of the other parameters used are 

Dq = 380 cm-i, - -274 cm^i Cjl -217 cm-i 

ku = .95 fci = .80 

where and fx are the effective spin-orbit coupling coefficients inclusive of the 
effects of 3d® and configurational interaction and convalency overlap between 
the central orbitals of Ni^'^* ion and s and p orbitals of the ligand atoms, and 
are the effective orbital reduction factors inclusive of the same interactions as 
above. 

Details of the theoretical and experimental results will be published shortly 
elsewhere. 
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ABSTRACT. A method of simplification of switching fimctiofts for synltiesis of tliree- 
levcl circuits is presented. The method is an extension of tiie technique for simplification 
of switching functions for realising two-level circuits. The simplified expressions for synthesis 
of throe-level circuits are obtained from the irredundant two-level covers of the functions 
by properly grouping the basic cells in the irredundant covers. 


INTRODUCTION 

A switching function •••» ^o) ^ binary variables 

.Tq can be written either as a sum of product terms or as a product of sum terms 
of the variables, the former being called the disjnnctive normal form and the 
latter tlio conjunctive normal form of switching functions. Thus, when written 
as a sum of products, the switching function is expressed as 

^n-2' ®o) ~ ^ (b 

where yi» are each a product term of n or fewer number of variables. In this form, 
the switching function can be mechanised by a set of ANT) circuits feeding into 
an OR circuit. Alternatively, when the switching function is expressed as the 
product of the sum terms, the function is written as 


= ni/j (2) 

where yj’s are the sum terms. This functional form is mechanised by a set of 
OR circuits feeding into an AND circuit. In the limiting case when the function 
can be expressed by a single product or sum term, a single AND or OR circuit is 
required for the mechanisation of the function. For certain functions, a two- 
level AND-OR realisation might give more economy than its OR-AND reah'sa- 
tion in respect of the number of logical circuit elements (diodes or relay contacts). 
For others the reverse may be true. Methods have been suggested by several 
authors for obtaining the minimal two-level switching circuit in either of the two ^ 
forms described above (Quine, 1962; 1966; Veitch, 1952; Karnaugh, 1963; Mc- 
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Cluskey, 1956; Urbano and Mueller, 1956; Roth, 1957; Svoboda, 1957; Muklio- 
padhyay, 1961; Choudhury and Basil, 1962). 

It is well-known that many switching functions when mechanised by thrc^e- 
level OR-AND-OR or AND-OR-AND circuits require lesser number of logical 
circuit elements. For three-level circuit realisation a switching function is written 
as 

•••> ^o) === M'i ••• 720 ••• + ••• ••• (3) 

or as f(^n-v •••’ -^o) — (7i+72+*--)(7io+72o+*-‘)*-* W 

where each of the terms of the form ... or (^ 1 +^ 2 +...) is the product of the 
sum terms or tlie sum of the product terms respectively and can be realised by 
two-level circuits, the overall function being mechanised by three-level circuits. 
In the form of representation given in expression (3), the function is realised by 
an OR-AND-OR circuit whereas the form given in expression (4) can be mecha- 
nised by an AND-OR-AND circuit. The simplified three-level OR-AND-OR 
form of a switching function can be arrived at by splitting the function into a 
number of component functions and realising each of the component functions 
in OR-AND configuration. The simplified AND-OR-AND circuit realisation of 
the switching function can be obtained by first finding out the OR-AND-OR 
expression of the complementary function and then complementing the com- 
plementary function. 

The available methods (Abhyankar, 1958; Veitch, 1959; Hurley, 1961) of 
realising OR-AND-OR or AND-OR-AND circuits of a switching function can be 
classified as 

(i) inhibiting method (Hurley, 1961), 
or (ii) pattern recognition in Veitch-Karnaiigh maps (Veitch, 1959). 

These methods though simple and straightforward suffer from the disad- 
vantage that for their application one should be thoroughly acquainted with the 
functional patterns on the Veitch-Karnaugh map. Further, the difficulty of the 
pattern recognition in Veitch-Karnaugh map increases with the increase in the 
number of variables. In the present paper we shall suggest a method of obtaining 
simplified three-level expression of a switching function as a direct extension of 
the two-level minimisation process. The method mainly consists in finding 
the sets of basic fc-cells of the function that arc incident in (^4’l)-cell8. Only 
the basic cells in the irredundant covers of the function have to be searched for 
such incidence. A number of theorems has been proved in this connection, by 
the application of which three-level forms of a switching function are readily 
foun(} out. 

n^Dimensional Cube as a Model of Switching Functions : 

With n binary variables, 2” different tenns can be obtained where each term 
is a product of all the variables, either primed or unprimed. The terms can also 
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be represented as vertices of an w-cube. Such an /^-cube is made up of cells of 
different dimensions (Urbano and Mueller, 1956; Svoboda^^ 1957), e.g., 


0-cell or vertex 

a point 

k ==»|0 

1-cell 

a line 


2-cell 

a quadrilateral 

k ==i#!2 

3-cell 

a cube 

k 

A;- cell 


k =i^k 


where h denotes the dimension of the cells. Total numbcf of i:-(?ells present in 
an 7?.-cube is '^Cj^ • where k may have any value from to n, A switching 
function can be thought to be a collection of a set of vei^ices taken out of the 
2" vertices of the r^-cube. The cell complex and the basic oefis of a given switching 
function will obviously depend on the vertices of the n-cube chosen for the 
representation of the function. If the form representing a switching function 
be an irredundant cover then the cell complex of the function consists of basic 
(^ells only. A minimal cover w'hich consists of basic cells only is also an irre- 
dundant cover. 

If any two vertices in tlie w.-cube differ in k variables in their algebraic re- 
presentations then evidently they agree in (n—k) variables so that (n—k) vari- 
ables are common in the algebraic n^presentations of these twT> vertices. Since 
a fc-cell requires (n-^k) variables in its representation, there can be one and only 
one i-cell in the w-oube wliich can include those two vertices jointly. In such 
situations we will say that the vertices are incident in that particular i-cell. If 
in a function there are two basic A:-cells, such tliat there are n—(k-j~l) variables 
(jommon in their algebraic representation, there can be one and only one (i+l)- 
coll in the n-cube which includes these two i^-cells jointly. These tw^o fc-cells are 
then similarly said to be incident in that particular l)-cell. 

Likewise if b basic i-cells of the ?i-cube are incident in a common (ifc+l)-cell, 
then in the disjunctive normal form of the function there will bo disjunction of 
b terms whero each term is the conjunction of (n — k) variables and these terms 
will have w— (A^+l) variables common between them. The equivalent conjunctive 
normal form covering these basic fc-cells will be the conjunction of two terms, 
one of which is the disjunction of b variables and the other conjunction of n-(k+l) 
variables. 

Basic Goficepts and Theorems in Connection with Three-Level Simplification : 

Let us consider a cover of a switching function of n variables consisting only 
of b basic ifc-cells and let these basic ifc-cells bo incident in a common (fc+l)-celL 
Then all these basic Jk-cells will be essential cells because if any of these basic 
fc-cells is removed, then some of the vertices of the function will remain uncovered. 
The disjunction of these b terms representing 6, fc-cells is the minimal fonn of the 
function. If we complement the function, multiply out the terms and drop all 
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the subsuming terms we will get the basic cells of the complementary function. 
In this coniplenientary function also, all the basic cells will be essential cells since 
if any of these basic cells of the complementary function is dropped then the 
disjunction of the remaining basic cells will not be a cover of the complementary 
function. 

Hence if h basic fe-cells representing a switching function are incident in a 
common (A:+l)-ccll, then the minimal [AND-OR and OR- AND] expressions of 
the function can be written either as 

•••> ‘^o) = = Disjunction of b terms where each term 

is the conjunction of {n—k) variables... (6) 

or as •••> ^o) = 9k'Qi = [Conjunction of n— (^+1) variables]. 

[Disjunction of b variables] ... (6) 

where the variables of gj^ and qi are all mutually exclusive. 

Therefore if any switching function consists of b basic fc-cells and if these fc-cells 
are incident in a common (fc+l)-cell, then the function may be mechanised by two 
different forms of two-level circuits. In one of the forms, we realise each of the 
h fc-cells separately so that the overall function can be mechanised by b AND 
circuits each with (n—fc) inimts feeding into an OR circuit with b inputs. Alter- 
nately, the function can be mechanised by an OR circuit with b inputi^ feeding into 
an AND circuit with (w—fc) inputs. This second form of representation is evident 
from expression (6). 

Total number of diodes required for the mechanisation of the function given 
in expression (5) i.e., as stun of b fc-cells is = [6(?^-~fc)+&J whereas that required 
for the mechanisation of the function from expression (6) i.e., by an OR-AND 
circuit is — (n-ki-b). Table I gives the relative values of C\ and for dif- 
ferent values of n, fc and b. 


TABLE I 


n 

h 

6 

Ox 

Gi 

4 

1 

2 

8 

5 

5 

1 

2 

10 

6 

0 

1 

2 

12 

7 

7 

1 

2 

14 

8 

8 

1 

2 

16 

9 

4 

2 

2 

6 

4 

5 

2 

2 

8 

5 

6 

2 

2 

10 

6 

7 

2 

2 

12 

7 

8 

2 

2 

14 

8 

4 

2 

3 

9 

5 

6 

2 

3 

12 

6 

6 

2 

3 

15 

7 

7 

2 

3 

18 

8 

8 

2 

3 

21 

9 
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A formal inspection of this table shows that economy can always be effected if 
a function be mechanised by an OR- AND circuit when t^e cell complex of the 
function is such that there are b basic A;-colls incident in a )p+l)-cell. 

If in an irredundant two-level cover of a switching func|ion there are a number 
of different basic cells of which b basic ^-cells are incident in a (jfc+l)-cell so that 
these A;-cell8 can be realised in the OR-AND form, thcii|tho overall functional 
representation becomes a third-order expression and the mnetion can be mecha- 
nised by a three-level OR-AND-OR circuit. To facilitate |three-level realisations 
of switching function starting from its two-level irredui^ant covers, we shall 

discuss certain properties of the associated basic cells in t% irredundant covers. 

f 

Theorem 1 : The maximum number of basic k-cells ihat can be incident in 
a {k+l)’CeU without covering all the vertices of ike (fc-f l)-ceS is (i;+l). 

Proof : When a number of basic i-cells are incident in a common (A+l)-cell, 
tlu^y can be represented as the product of two terms q^qi as shown in expression 
(6), where the variables of tlie terms are mutually exclusive. Of these two terms, 
(ji^ is a conjunction of n - (/r+l) variables. So the disjunction terms q^ can consist 
of a maximum of (k-\-]) variables. Therefore the maximum number of basic 
A’-ct‘lls that can be incident in a common (^4- l)-<'cll without covering the (A;+ 1 )-ccll 
is (Jfc+1). 

Theorem 2 : If b basic k-cells of a given function are incident in a common 
(fc+l)-ccM, the total number of different vertices covered by b basic k-cells is 

vt, -= 2*4-2*-!+. + ... (7) 

Proof : If b basic i:-cells are incident in a common (fc4-I)-eell they can be 
represented by the product of two terms g^^qi as shown in expression (6) where 
gjc is the w-(i:+l) variable term and qi is the disjunction term 
where the variables may be primed or unprimed. In this gi^x^ will cover 2* terms 
of the canonical form of the given fumjtion, corresponding to the vertices covered 
by the i-cell gj^x^. Each such term covered by the ifc-cell g^Xi is represented by 
the conjunction of n variables, either primed or unprimed. Of these n variables, 
(n--k) variables that are used for the representation of the i-cell gi^x are common 
for all the terms covered by the cell. Rest of the variables (i.e., k variables) not 
included in the representation of the /b-cell are present in their all possible combi- 
nations. Such is the case for the i-cell gi^x^* Therefore of all the terms covered 
by the two Aj-cells, terms involving the variables gj^j x^ and X 2 are common between 
the two jfc-cells. The number of such common terms is obviously 

I? or 2*-i 
2 

Therefore the total number of different terms or vertices covered by the two i-oells 
incident in a common {A!+l)-cell but not covering a {i+l)-cell is 

V, = 2*+2‘-i 
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If there are b basic i-cells incident in a (i4-l)-cell, by similar argument it can be 
shown that the total numlier of different vertices covered by those b basic i-cells 
is 


The above result gives us a very easy procedure of testing whether a certain 
number of basic A;- cells of a given switching function arc incident in a common 
(A?+l)— coll or not. 

Example : Show whether the following two-cells are incident in a three-cell : 

Case (i). Basic 2-cells of the function are : 

(1) (0,l,2,3)-v4 

(2) (0,l,4,5)-i? 

(3) (0, 1,8,9) 

The total number of different terms covered by the throe two-cells A, B, 
(7 is t;* = 8; but for tliree two-cells to fonn part of a three-cell the total number 
of different terms to be covered should be — 7. Therefore the three two-cells 
cannot be incident in a three-cell. But 2-cells (A, B) or (B, C) or (A, C) are 
incident in different 3-cells. 

Case (ii). Basic two-cells of the function are : 

(1) (0,l,2,3)-i> 

(2) (0,1,4,6) = B 

(3) (0.2, 4, 6)==^ 

The total number of different terms covered by the three two-cells (D, E, F) 
is = 7. Therefore these three two-cells are incident in a three cell. 

We have already mentioned that if in an irredundant cover of a switching 
function, certain number of basic fc-cells be incident in a common (i+l)-cell 
then those i-cells can be realised by OR-AND configuration with the net result 
that the overall function can be realised in three-level form and by such realisation 
economy may be achieved as compared to the two-level minimal form. The 
justification of starting from basic cells present in the irredundant covers as 
embracing a group of terms for three-level realisation lies in the fact that the total 
number of logical circuit elements (i.e., diodes) required to realise a basic (A;+l)-cell 
as the sum of two or more Ai-cells is always greater than that required to realise 
the same as a (i+l)-cell, that is, as the conjunction of n-ik+l) variables. 

We shall next show that by introducing redundant basic cells in the irre- 
dundant covers of switching functions, the resulting three-level realisations that 
we may obtain, will give under no circumstances economy as compared to the 
two-level realisations. 
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Theorem 3 : If in an irredundant cover of a smtching function consisting of a 
number of hmic k-cells not incident in (k-\'\ycell, a k-ceU is introduced from the subset 
of basic cells not included in the irredundant cover of the fundfon, then by such incor- 
poration of a redundant k-cell in the irredundant cover foi^ three-level realisation, 
no economy is achieved* j! 

Proof : Since the fc-cells present in the irredundant «ovcr do not form part 
of a 1 )-cell, therefore the number of common variables i^ the terms representing 

the fc-cells should be less than (n—k~\). If we now introduce a i;-cell which can 
form part of a (A;+l)-cell together with a i-ccll already prAent in the irredundant 
cover, then (7i—k—\) variables must be common betweeli the Wo. And these 
(n--k—\) variables cannot be in common with any othfer fc-celL That is, by 
introducing one A-ccll in the irredundant cover from the smbsets of basic cells not 
included in the irredundant cover, we realise only one fc-cell of the irredundant 
cover as being incident in a (fc+l)-cen. Further, the total number of diodes 
required for realisation of a k-ceM is equal to {n - k). The total number of diodes 
required to realise two fc-cells which are incident in a (A:4*l)-ccll [as given in ex- 
pression (b)J, is {n+2-~k) and is always greater than (n—k). Therefore it follows 
that no economy can be effected in three-level realisation by incorporating a 
redundant A%cell in the irredundant cover. 

If in an irredundant cover of a switching function, two or more of the basic 
fc-cells are not incident in a (jfc+l)-cell, then ordinarily, under the conditions we 
are considering, we do not get any three-level cover. But certain operations and 
manipulation with the basic cells of this irredundant cover might lead to 3-level 
circuits with bettor economy over the irredundant two-level cover. The following 
theorem gives conditions under which such economic realisation might be possible. 

Theorem 4 : If in an irredundant cover of a switching function, the. points 
that are uncovered due to the removal of a basic (fc+l)-ceM are covered by a k-cell 
belonging to the body of that basic (Jfc+l)-ceM and if this k-cell along with another 
basic k-cell in the irredundant cover be incident in a {k-\-l)-ceU, then replacement of 
the basic {k-\~\)-cell by the k-cell which forms its part will lead to greater economy 
if the function is realised by a three-level circuit* 

Proof ; Total number of diodes required for the realisation of the basic 
(A;+l)-cell and the jfc-cell is 

[n-~(A+l)]+(n--Jfc)+2 =t= w—fc+l+w—i = 2(n—k)+l 

Total number of diodes required for the realisation of the two i;- cells incident in 
a(ij+l).cell to replace these basic (A;-{-l)-cell and A-cell is (n— 4+2). Since in 
the case that we are considering (n—k) will always be greater than one, the sum 
(n—k-{-2) will be always less than It follows that under these concU- 

tions a three-level form will be more economical than the two-level irredundant 
form. If the irredundant cover under consideration happens to be a minimal 
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cover, then obviously the three-level circuit will require lesser number of circuit 
elements than the two-level circuit. 

Theorem 6 : In an irredundant cover, if a k- cell which is not included in 
a given {k-\-i)-cell can, along with k-cells of that (4-f l)-ceZ? be incident in different 
(jfc+l)-ccZfo, then there can be only two different k-cells in the given (k+l)-ceU with 
which it can so combine for incidence in two different (k-\-l)-ceUs, 

Proof: Total number of variables required to represent a (i;+l)-cell is 
li— (/;+l) whereas that required to represent a A;- cell is {n—k). If this i;-cell 
along with a ^-cell belonging to the body of the {^4 l)-coll can be incident in a 
different {/:+l)-cell, then those two i-cells can bo represented as 

whore the term gf^ is the conjunction of variables and and Xj are 

single variable terms, all the variables being mutually exclusive. If such a re- 
presentation is possible then it is evident that (n—k—2) variables must be common 
in the expression representing the (Aj4-l)-cell and fc-cell. Therefore it follows that 
in the body of the (i+l)-cell, there can be only two fc-cells which can be incidemt 
in two different (fc+lj-oells being combined with the existing A;-cell. 

As a consequence of theorems 4 and 5 it follows that if a I;- cell belonging 
to the body of a basic (A;4 l)-cell be incident in a different 1 )-cell being combined 
with the i-cells present in the irredundant cover, the total number of individual 
points or terms remaining uncovered by the withdrawal of the basic (A;+l)-cell 
should not be greater than 2^/2 i.e., This evidently gives us a very easy 

method of recognising whether we can eliminate a (i;+l)-cell and a i;-cell and re- 
place them by two Jfc-cells which can be incident in a (fc+l)-cell for economic 
three-level realisation. If the points remaining uncovered be greater than 2^~^ 
then under no circumstances we can replace a basic (^4- 1) -cell in the irredundant 
cover by fc-cells so as to be incident in different (A?4“l)-cells being combined witli 
the existing basic A-cells. But if the points remaining uncovered due to such 
removal be less than then wc may try to select i-cells from the body of that 
basic (fc4-l)-cell, such that those ifc-cclls cover points remaining uncovered due to 
removal of the {fc4-l)-cell, and combine with the X;-cells already present in the 
irredundant covers so as to be incident in different (jfc4-l)-cells. 

PROCEDURE FOR OBTAINING 
THREE-LEVEL COVERS 

It is evident from the theorems proved earlier, that three-level realisations of 
switching functions can be obtained from its two-level irredundant covers. Detailed 
procedure for three-level simplification is given below : 

(1) The prime implicants i.e., basic cells and the irredundant covers of the 
given switching function are first found out by any standard method (Quine, 
1962; 1966; Veitch, 1962; Karnaugh, 1963; McCluskey, 1966; Urbanp and 
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Mueller, 1966; Petrick, 1966; 1969;, Roth, 1967; Svoboda, 1967; Qhazala, 1957; 
Mott, 1960; Mukhopadhyay, 1961; 1962; Choudhury and Rasu, 1962; Mukherjec 
and Sarkar, 1963). 

i' 

(2) Irredundant cover of the function is taken one at a |bne and then searched 
for whether different i-cells of the cover are incident inldifferent (fc4‘l).cclls. 
This can be done either comparing the algebraic expressiins of the cells or by 
counting the total number of terms jointly covered by th€| cells. Depending on 
the nature of the function following different cases may arj|e in general. 

Case (i). | 

All the fc-cells that arc present in the irredundant co\^r arc such that each 
fc-coll can combine with one or a group of A:-cells to be ii|eident in a distinct 
(^-fl)-cell i.e., a fc-ccll does not share the parts of morefthan one (A;+l)-cell. 
Method of finding three-level covers of such functions is illustrated by the 
following example. 

Exam'pU : 

Find the three-level cover of the five- variable switch ing'fimction given by 
^2, ^1. irj - T = S (13, 14, 15, 16, 17, 18) 

Tlie^ basic cells of this function are 

(1) (16, 17) 

(2) (16, 18) 

(3) (13, 16) 

and (4) (14, 15) 

All the basic cells being essential basic cells, the only two-level irredundant cover 
(or the minimal cover) of this function is 

C = (16, 17)+(16, 18)+(13, 16)+(14, 15) 

The cost of realisation of this two-level minimal cover is 20 diodes. 

To find the three-level cover from the irredundant cover C, we note that 
the one-cells (16, 17) and (16, 18) are incident in a two-ccll and one-cells (13, 15) 
and (14, 16) are incident in another two-cell. Neither of these one-cells (16, 17), 
(16, 18), (13, 16), (14, 15) is incident in any other two-cell. The three-level cover 
is given by 

(7,, == (16, 17, 18)+(13, 14, 16) 

which requires 14 diodes for its mechanisation. This gives a saving of 6 diodes 
over the two-level minimal form. i 

In some oases we will find that the basic i-oells of the function may be 
incident in different (ib-f l)-oells but the irredundant covers of the function are 
2 
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such that in the covers each Jfc-ceD along with one or a group of A:-cell8 is 
incident only in a distinct (ifc^ l)-ccll. Method of finding three-level covers of 
such functions is illustrated by the following example. 

Example : 

Find the three-level realisation of the following four variable switching 
function given by 

/(a:,, Xjj, a^o) = T = S(0, 1, 2, 5, 6, 7) 

The basic cells of this function are: 

(1) (0,1) 

(2) (0. 2) 

(3) (1,5) 

(4) (2, 6) 

(5) (5, 7) 

( 6 ) ( 6 , 7 ) 

The irredundant covers of the function are : 

C\ = (0, l)-f(0, 2)+(5,7) -( (6,7) 

O, = (0, l)+(l,5)+{2, 6)-f(6, 7) 

6*3 = (0, 2)-f (1, 5)-f (6, 7) 

= (0, l)-f (2, 6)-f (5, 7) 

Of these irredundant covers, C\ an represent the two-level minimal covers, 
cost of realisation of each of which is 12 diodes. Further, under the conditions 
we are considering (i.e., some of the fc-cellsof the cover being incident in (ifc-f-l)- 
cells, we do not get any three-level cover from these two minimal covers. But 
the irredundant covers Oj and Cj can be utilised to get three-level covers. In 
cover Cj, one-cclls (0, 1) and (0, 2) are incident in a two-cell and one-cells (5, 7) 
and (6, 7) are incident in another two-cell, and these one-cells (0, 1), (0, 2), (5, 7) 
and (6, 7) are not incident in any other two-cells. The same is the case for cover 
C’j, where one-cells (0, 1) and (1,5) are incident in a two-ceU and one-cells (2, 6) 
and (6, 7) are incident in another two-cell. These three-level covers are 

= (0, 1, 2)-f (5, 6, 7) 

C^ = (0.1,5)+(2,6,7). 

Cost of realisation of either of these three-level covers is 12 diodes which is the same 
as that required for the two-level minimal cover. 

Case (ii). 

In other cases, a I;-cell may be incident in different (jfc-f-l)-cells along with 
different X;-cells of the cover, that is, a Xi-ccll will share parts of difiEerent 
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(it4-l)-cell8 along wth different i-cells. The method of finding three-level 
covers for such functions is illustrated by the following “example. 


Example : 

Find the economical three-level realisations of the ^Uowing six-variablo 
switching function: | 

/(a:j, *4, % x.^, x^, a;o) = T— S(0, 1, 2, 3, 4, 6 , 6, 7, 8, 9, 10| 11, 12, 

13. 14, 15, 16, 17, 18, 20, 2l| 22, 24, 

25, 26, 28, 30, 32, 33, 34, 37, 38, 

40, 41, 42, 44, 45, 48, 49, 5(| 62, 53, 

54, 56, 57, 58, 60) 

The basic cells of this function along with their algebraic representations are 

(1) (0,1,2,3,4,5,6,7.8,9,10,11,12,13,14,15) -x^'x^' 

(2) (0, 1, 4, 5, 8, 9, 12, 13, 32, 33, 36, 37, 40, 41, 44. 46) -a:4'a:i' 

(3) (0, 1, 4, 5, 16, 17, 20, 21, 32, 33, 36, 37, 48, 49, 52, 53) 

(4) (0, 1 , 8. 9, 16, 17, 24, 25, 32, 33, 40, 41 , 48, 49, 56, 57) - 

(5) (0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20. 22, 24, 26, 28, 30) --W 

(6) (0, 2, 4, 6, 16, 18, 20, 22, 32, 34, 36, 38, 48, 60, 52, 54) -x^'x^ 

(7) (0, 2, 8, 10, 16, 18, 24. 26, 32, 34. 40, 42, 48, .50, .56,58) - 'V 

(8) (0, 4, 8, 12, 16, 20, 24, 28, .32. 36, 40, 44, 48. 52, 66, 60) -x^'x^' 

All these basic cells being essential basic cells, only irredundant cover of the func- 
tion is the disjunction of these essential basic cells. 


—x^x{ 


~ Xi Xi 


To find the throe-level covers from this two-level irredundant cover we shall 
search for ft-cells of this cover incident in different (A+lj-cells. Here all the 
basic cells are four-cells and each of them is incident in different five-cells along 
with two or more of the remaining basic cells. If we designate the algebraic or 
numeric representation of the fc-cells realised as being incident in {X:-f-l)-cell8 by 
the term “three-level implicants”, then the different three-level implicants that 
can be formed from the two-level basic cells of the irredundant cover of the given 
function will be 


(i) / VV+*8'^4' == 

(ii) J = Xi,'xt+x\x\ = x'i{x\-{-x\) 

(iii) K = XaV = ar'gix'i-f a:'o) 

(iv) Tj = x^ ^ = x q) 

(v) 3£ = X ^x o ^ ^ 4 “!":^ 3*4“^ 2^”^ o) 

(vi) N = Xf,'x* 0 -\-x*^'f)-i-x*^' 0 +x'iX '0 = 
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such that in the covers t'acli fc-cell along with one or a group of i;-cells is 
incident only in a distinct {yS:+])-ccll. Method of finding thrce-Uwel covers of 
such functioJiK is illustrated l)y tlic following example. 

Example : 

Find the tlir<‘(‘.l(‘vel n'alisation of tlie following four variable switehing 
function given by 

The basi(^ ec'lls of this function are: 


(1) 

(0, 1) 

(2) 

(0, 2) 

(:i) 

(1, r,) 

(4) 

(2. fi) 

(•'■») 

(r>, 7) 

(fi) 

(fi. 7) 


The irredundant covers of th(‘ function ar(‘ : 

r, -(0, l) + (0.2)4-(5,7)-f(lV7) 

r,^(i).^)-\-(hrj) f(2,(>)!(6, 7) 

^3^(0, 2)4(1, 5)4(6, 7) 

6^, -.(0, 1)4(2, 6)4(5, 7) 

Of these irredundant covers, ^3 an ^"*4 represent tlie two-level minimal covers, 
cost of realisation of each of which is 12 diodes. Further, under the conditions 
we are considering (i.e., some of the Ar-cells of the cover being incident in (Jfc4l)- 
cells, we do not get any three-level cover from these two minimal covers. But* 
the irredundant covers (\ and 6e utilised to get three-level covers. In 

cover (\, one-cells (0, 1) and (0, 2) are incident in a two-cell and one-cells (5, 7) 
and (6, 7) are incident in another two-(;ell, and these one-cells (0, 1), (0, 2), (5, 7) 
and (6, 7) are not imndeiit in any otluT tM'o-cells. The same is the case for cover 
To, where one-cells (0, 1) and (1,5) are incident in a two-cell and one-cells (2, 6) 
and (6, 7) are incident in another two-cell. These three-level covers are 

6%, = (0, 1, 2)4(5, 6, 7) 

<^^^2m=-(0,i,5)4(2,6,7). 

dost of realisation of either of these three-level covers is 12 diodes which is the same 
as that required for the two-level minimal cover. 

Case (ii). 

In other cases, a i;-cell may bo incident in different (A:41)"Cell8 along with 
dilferent A-cells of the cf)ver, that is, a i-cell will share parts of different 
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(ir-f 1) -cells along with different A-cells. Tl|e method of finding thrtiC!-levol 
covers for such functions is illustrated by tbe following example. 

Example : 

Find the economical thre(‘-Ievel realisations of the following six-variable 
switching function: ; 

f{x^, x^, X3, X,. x„) = T-^ S(0 1, 2 , 3 . 4 , 5^6. 7 , 8. 9 , 10. 11, 12, 

13, 14, 15, 16.17,18,20,21,22,24, 

25. 26, 28, 30, ^2, 33, 34, 36. 37, 38. 

40, 41 , 42, 44, 45, 48, 49, 50, 52, 53, 

54, 56, 57, 58, 60) 

The basic cells of this function along with their alg(‘braic representations are 

(1) (0, 1.2, 3, 4, 5, 6, 7, 8, 9, 10, 11. 12. 13, 14, 15) -XjV 

(2) (0, 1 , 4, 5, 8, 9, 12.13, 32, 33, 36, 37, 40. 41 , 44. 45) x/x/ 

(3) (0, 1, 4. 5, 16. 17, 20. 21 . 32, .33. .36, 37. 48, 49, .52, 53) 

(4) (0. 1 , 8, 9, 16, 17, 24, 25, 32, 33, 40. 41, 48. 49, .56. .57) -x/x/ 

(5) (0, 2, 4. 6, 8, 10. 12, 14, 16, 18, 20, 22. 24. 26, 28, 30) --TsV 

(6) (0, 2, 4, 6, 16, 18, 20, 22. 32, 34, 36. 38, 48, .50, .52, .54) - x^x^' 

(7) (0, 2. 8, 10, 16, 1 8. 24, 26. 32, .34, 40, 42. 48, 50. .56, ,58) - 

(8) (0. 4, 8, 12. 16, 20. 24. 28. 32. 36, 40, 44, 48, 52. .56, 60) -.r/xo' 

All these basic cells being essential basic cells, only irreduiulant cover of the furu'- 
tion is the disjunction of these esscmtial basic cells. 

To find the three-level covers from this two-level irredimdant cover we shall 
st>,arch for fc-cells of this cover incident in different ( l)-colls. Here all the 
basic cells are four-cells and each of them is incident in different five-cells along 
with two or more of the remaining basic cells. If we designate the algebraic or 
numeric representation of the fc-cells realise*! as l)eing incident in (A-f l)-cell8 by 
the terra “three-level iniplicants", then the different three-level implicants that 
can bo formed from the two-level basic cells of the irredundant cover of the given 
function will be 


(i) 

I =: 

xfxfJrxfxf = x\(xJ-+Xi) 


(ii) 

J = 



(iii) 

K - 

•ts x^ -t- X3 X|| ~ X ^(x X 4 X 0) 


(iv) 

L = 

x'jX',-f x'gX'o = x'2(x'i-|-x'o) 


(v) 



= x'j(x' 44 -x' 3 +»' 2 +*'o) 

(Vi) 

N = 

X 5 '*'o+®>'o+*'s*'o+»>'o = 

= x'o(®' 8 +»' 3 +»' 8 +*'l) 



135 


A. K, Ghovdhury and 8. R. Das 

Next we shall find the irredundant tlm'c-level covers of the two-level basic 
cells by utilising a table (Table II). 


TABLE II 



1 

,/ 

K 

L 

M 

N 


1 





1 


1 

1 





x\x\ 


1 



1 





1 


1 





1 



1 





1 

1 


X 2 '^ 0 




1 


1 






1 

1 


In this table, the column headings indicate three-level imjdiciants w'liereas the row 
headings indicate two-level basic cells, I’s in the subcharts denoting whi(!h parti- 
cular group of two-level basic cells form three-lt>v<‘l implicants. Prom this 
tabl<“. the thnie-levcl irn'dundant' covers (Mukherjee and Sarkar. 1!)63) an- found 
to be : 

(i) IMKL 

(ii) IMN 

(iii) JNM 

(iv) JNKL 

From <>ach of these three-hn'cl irrodun<lant covers different three-level Ciovers artf 
found by eliminating those cells which occur more than once, thus introducing 
redundancy. Let us first take up the three-level irredundant cover IMKL. In 
this three-level irredundant cover, two-level basic cell x'fOr\ occurs in both of the 
three-level implicants M and K. Similarly, two-level basic cell occurs in 

both of M and L. Since in the minimal three-level cover the same two-level 
basic cell cannot occur more than once, so to avoid retlundancy, the three-level 
irredundant cover IMKL is expanded in the form of a table (Table III) as shown 
below. Here; x\x\ can occur either in M or K and with each occurrence of (.-e'jx'a) 
there arc two possible choices of (x\x\) in cither M or L. Hence altogether 
we get four possible configurations, giving four possible three-level covers. 


I 

X q{x q^\~X 

1 1 1 

1 1 1 

1 1 1 

1 1 1 


TABLE III 
M K 

* ](* 4+**8+* 2 + *V x'o) 

11001 111 

110 11 111 

1110 1 10 1 

1 I 1 1 I 10 1 


L 

X'2(x\ + x'o) 
111 
1 0 1 

1 1 1 

1 0 I 
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From this, the three-level covers are : 


^ 6(^ 0 +^ 4 ) + ^ i(^ 0 )+^ 2 (^ 0 ) 

^img, ^ 4)4-^1^(^P^4 + ^^ 2 " 1 “^ 0 )+^'^ 3(^ 1 + ^ 0 ) + ^ 2 ^ 0 

^ 6(^ 0 +*^ 4)“t'^l 4"f^ 3+^ o)H“? 3 ^ o) 

^ 5(^ 4 ) 4 ^ l(^ 4"!^"^ 3+^"2~l“^o)"^^ 3 ^ 0“t“^ 2 


Similarly, expanding the cover IMN, we get 


I 


TABLE iv 

M 


® 4) 

1 1 1 

1 1 1 

1 0 1 

1 0 1 


* i(* 4"1~* a"!*® 2 '\~^ 0 ) 
11111 
11110 
11111 
11110 


From thirt, the simplest three-level covers are 


N 

a;'o(*'6+a;'3+«''8+»'i) 
10 110 
10 1 1 1 
11110 
11111 


^ Jffla ~ ^ 5(-*^ O'f'* 4)^“^*l(■*^4^^■**3■4■^^^)+®’o{•*^^3^"*^2^'^^) 
^'jmA — + 4")' •*^'3+^’2) + ^V*’6 + *'3^'^’2^~^ 1 ) 


Likewise, the three-level covers from the irredundant covers JNM and JNKL 
an*, respectively ; 

('kmi = •^' 4 (^- 1 - ^'l)+*'o(A+^'3^■•»•'2+^'l)-4 •rV-i^'a+a^'a) 
f^V*«2 =-" •C'4(ir'5+^'l) + -*^'o(-*^'6 + *'3 + *'2) + »'xV3+*'2 + *'o) 

= a;>' 5 +a:'o(®' 8 +*' 3 H a:' 2 +a;'i)-fx\(T' 4 -fa:'34 a-'j) 

<■^><4 = •»''4a:'6+a^'o(-*^'5+a^'3+-r'2)H-ar',(x'4-fx's-f jr'j-far'o) 

and 

thmy = a;'4(x'5+x'i)+*o'(a;'6+*'i)+*'3(*'i+a:'„)-}-x'2(x'i+x'o) 

( h«2 = *'*(a!'j+x'i)-hx'o(a:'6+-c'2+«'i)+V(a;'i+a?'o)+a;>'i 

^'<1»3 ~ x'4(x'5-^-x\) + X*o(*^B^■*'3^'* x)4‘*3 * 1 + X al* X + X o) 

^Uni — x’4(*’5'4"X\)+x'o(x'5-f X'3-|-x'2-l-X'i)-}*x'3X'i-|-x'2X'i 

From an inspection of all these three-level covers, we see that the most economical 
three-level cover is 

Gmin — x'5(x'o+x'4)+x'i(x'44-x'o)-fx's(x'i-|-x'o)-}-x'g(x'i-t-X'o) 

= (x'4+x'o)(x'8+a;'i)+(«'i+»'o)(»'8+»'*) 
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The three-level cireuits of the switching functions, whose irredundant covers 
can be written in a compact form by following a procedure recently suggested 
by Miikherjee and Sarkar (1963), can be found readily even when the total 
number of such covers are very large. 

These compact forms of representation aid in obtaining the throe-level 
expressicms of switching function without trying all the irredundant covers one 
at a i\mv, which involves large amount of labour when the total number of such 
covers is very large. The following example will suggest the method of obtaining 
three-level expressions of switching function starting from its compact forms of 
irredundant expressions. 


Example : 

Pind the economical three-level n^alisation of the seven -variable switching 
function given by 


^o) - - S{0. 2, T), 8, 10, 12, 13. 1(5, 18, 21, 24, 26, 

28. 20. 30, 32, 34, 37, 30, 40, 42, 45, 46, 
48, 50, 53. 55, 56, 58, 61, 64. 65, 67. 72, 


73, 77, 78, 70, 80, 81. 83, 88, 80, 01, 05, 
100, 102, 106, 107, 111, 114, 116, 120, 
122, 126, 127) 


Tho basic cells of this Itijictioii. along with tlicir algt'braic; ro|)rescntation.s, 
are : 


(1) (0, 2, 8. 10, 16, 18, 24. 26, .32, 34, 40, 42, 48, .50, 56 58)* 

(2) (5. 13, 21 , 20, 37. 45, .53, 61 )* a-', x,.r>„ 

(3) (64, 65, 72. 73, 80. 81 , 88, 80) - 3-»', 

(4) (0, 8, 16, 24, 64, 72, 80, 88) = Xix:.^\x\ 

(5) (70, 05, 111, 127) — 

(6) (81,83,80.01)^*,;r',x,*>„ 

(7) (.56, 58. 120, 122) = x,x^x,x'^’^ 

(8) (50, 58, 114, 122)* =. x,x,x'^,x’, 

(9) (42, 58, 106, 122) = x^x^x'^^x'^, 

(10) (37,39,.53,55)*=*V,a:V^„ 

(11) (66. 67, 81, 83)* = 

(12) (24, 56, 88, 120) = x^x^x'^x\x^' 

(13) (24, 26, 28, 30)* = x\x',x,x^'^ 

(14) (12, 13, 28, 29) = 


B* 

f’ 

1 ) 

E 

F 

0 
H* 

1 

J* 

K* 

L 

M* 

N 
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(15) (8, 12, 24, 28) = 0 

(10) (126, 127) = x^x^XiX^x^Xi p 

( 17 ) ( 1 22 , 1 20 ) = XgXiXtX.^ix'o q 

(18) (107 , 1 1 1 ) = XgX^x'^XgXiXn p 

(19) (91, 96) = xgx'^x^x^jx^ s 

(20) (106, 107) = XgX^x\x.fr'.^x^ p 

(21) (78, 79)* = a;*a''g3-'4ar3Vi U* 

(22) (77, 79) =■- x^x'^x'^x^x^o y 

(23) (100, 116)* = x ,^^ x '^^\ x ’„ w* 

(24) (100, 102)* -- XnX^x\x'.jX^x'o X* 

(25) (73. 77) = x^r’^x\x3x\x„ y 

(26) (42, 46)* == x\x,x\x^,x\, z* 

(27) (13, 77) -- x\x'^x.J^x^\x^^ 


111 tho ab(»vt“. basic cells marked by asterisk are essential basic (lells. There- 
fore tlu'se basic cells will occur in all the irredundant covers of the fianction. 

The compact expressions for the irrtslundant forms of this function are given 
below. 


{ABHJKMUWXZ) 

{ABHJKMVWXZ) 

(ABHJKMUWXZ) 

(ABHJKMUWXZ) 

(ABHJKMUWXZ) 

(ABHJKMUWXZ) 



(i) 


- (ii) 


... (iii) 

... (iv) 

... (v) 

... (Vi) 
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(ABHJKMUWXZ) 

{ABHJKMUWXZ) 

{AJillJKmJWXZ) 



DYF 

DYF 

J>YF 


G 

./v. 

L 


IRSF 


TE 


TMRP 


... (vii) 


... (viii) 


fix) 


III the expressions for the irredundant forms of the function it will be found that 
certain prime implicants are written in a column matrix. In order to obtain 
all the irredundant covers, each of these expressions has to be expanded. Of the 
prime implicants wTitten in any column matrix, only one of the prime implicants 
taken at a time can be associated with other prime implicants of the expression. 
In the expression (i), the prime implicants A, B, H, J , K, M, V, W , X, Z, (!, 
F, E, I, R, have to be associated with either 0 or (but not with ON jointly). 
With these two different choices must be associated three different choices of 


the prime implicants from the column matrix 

0 

from the column matrix 

L 


V 

Y 
a 


, tw'o different choiciiS 


and two different choices from the column 


rm 

matrix Thus a total of 2 X 3 X 2 X 2 = 24 different irredundant covers 

of the fuiK^tion will be obtained from the expression (i). 


To find throe-level covers from these compact forms of irredundant covers, 
we shall first form the “three-level implicants” from the sets of prime implicants. 
These three-level implicants are : 


( 1 ) 

CD 

a? 5^: 2^ o) 

( 2 ) 

QH 

= X^x^x 2^ o(^3'4'3Ji) 

( 3 ) 

GI 

— x^x^x^ 

(4) 

GL 

= x^x^x ^x 0(a?5d' x\) 

( 5 ) 

FK 

— XqX gX 2^o(^4d‘^^3) 

( 6 ) 

MO 

= 6^3^ o(^4+^ l) 

( 7 ) 

HI 

= a?6«>i«Va^4+a?3) 

( 8 ) 

NO 


( 9 ) 

PQ 

== ^e^sX^x^Xiix^-j-x'Q) 

( 10 ) 

RT 


( 11 ) 

UV 
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( 12 ) VY = Xfpn fps i) 

(13) WX = x^g,x3x^\{x^’+x'i) 

(14) Ya = x\x\x^\xo(i^+X 2 ) 

The simplified three-level forms are found from the compact two-levcl irre- 
dundant forms in the following way. We ]|ave already observed that the irre- 
dundant cover I 

] 

ABHJKMUWXZ C 


when expanded will yiehl 24 different irredUndant covers of the given function. 
Some prime impli cants will be common in all the covers and the different covers 
are oiitained from the combination of the prime implicants in the column matrix. 
Therefore for obtaining economic three-level circuits from the above expression 
(i), the expression is simplified by retaining only those prime implicants in the 
column matrix which can combine wth others to form three-level impficants. 


Following this procedure, the column matrix 


" 0 “ 

ix 


is simplified by retaining 


only the prime implicant 0. Because from the list of the three-level implicants wc 
find that the prime implicant N can combine with 0 only and in any irredundant 


cover 0 and N cannot occur jointly. Similarly, column matrix 

fied by retaining only V. 

Hence the expression (i) can be written as, 


“•FI 

ix Y is simpli- 

J 


ABHJKMUWXZOCV 



(x) 


Thus without chocking all the 24 covers, by simple inspection, we have found 
out that out of the 24 irredundant covers only four need be tried for economic 
three-level circuit synthesis. 

Now noting that W combines with X, M with 0, F with K, V with C7, 0 with 
either of H or /, each to give three-level implicants, the simplified three-level 
expression that can be written from the compact two-level irredundant cover 
(i) is 


ABJZCEM( WX)(MO)(FK)( VV) 



(xi) 


3 
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where the expressions within the first brackets are three-level implicants. Similar 
three-level expressions can be obtained from other compact two-level irredundant 
covers. Total number of three-level covers that can be obtained by expanding 
the expression (xi) is 2x4 = 8. 

Ail the three-level covers that can be obtained from the irredundant forms 
(i-ix) are given below, along with their cost numbers. 

ThfM.-lcvdl COV6TS Cost nutnbsT 


(i) A BJZCEB( WX)(MO)FK)( VU) 

(ii) ABJZCEnWX){MO)(FK){VlJ) 

(iii) ABJKZCSR( WX){MO){VU)P 

(iv) ABJKZaSTE 


rp- 


(GH) 

/ 



(GI) 

II 

UJ 


(HI) 

[2] 

rp- 



L-^ J — J 



(GH) 


L<?J 




^(GH) 

I “] 


(GI) 

H 


(HI) 



L 


j 



(WX){MO)(VU)(OH) ... 94 



(v) ABJKZCSP( WX){MO){ VU)(aH){RT) 


(vi) ABJUZDYRE 

-p- 

(WX)(MO)(FK) 

r~(aH) I -1 
(GI) H 

iHn [«] 






90 


100 


(vii) A BJVZD YRSP{ WX)(MO){FK) 


(OH) I 
(GI) II 
(HI) r&'i 


(viii) ABJUZDYTE 



(WX)(MO)(FK)iGH) 


(ix) ABJUZD YSP( WX)(MO)(FK)(GH)(RT) 


101 


94 

97 


From the above throe-level covers, wo see that the most economical three- 
level cover is 


Cm = ABJEZCTP(WX)(M0)(VV)(0H)(FK) 

8® 4®S*2(®l+»o)+*«»'5®'2*o(®4+*'8)+*a»6®'8ip2*'o(*'4+*'l) 
“t'®B®43' a® o(*8“t"*l) 
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CONCLUSION 

A simple and straightforward method is suggested for obtaining economic 
three-level circuit realisations of switching limctions starting from the two-level 
irredundant covers. When the ir-cells of the jhmctions share the parts of different 
(A’-f-l)-cells, it is possible to find the best Jthree-level cover of the function by 
finding the three-level irredundant covers of the prime implicants which can 
form different three-level implicants. In {iases where the function has a large 
number of two-level irredundant covers, if tlwse covers can be written in compact 
forms, then the thrcc-lcvel covers of the funrtion can be found very easily from 
the two-level irredundant covers without trying all of them at a time. 
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CHANGE IN THE SHAPE OF A MOLECULE DURING 
THE FORMATION OF HYDROGEN BOND 
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Physics Oepaktmknt, Osmania University, Hyderabad 
(Received November, 19, 1963) 

Plato V 

ABSTRACT. Evidonoo is found to show that C=0 bond frequency d<'=1710 of 
monochloacetic acid, the total S5rmmetric line dv=910 of sulphuric acid and the total sym- 
metric lino 1060 of the nitrate ion in solution are found to decrease on depolymerisation duo 
to heating, contrary to expectation. This goes against the assumptions usually made that 
the bond in question is unaffected by the presence of the other atoms in the molecules and 
the other molecules in the liquid. It is surmised that the molecules change their shape during 
the formation of a complex. The structure of the nitrate ion is pyramidal in solution at low 
temperature and it becomes plane on heating. This is taken to be a direct evidence for crystal- 
line nature of hydration of ion in solution postulated by Lengyel. 

INTRODUCTION 

It is well known* that (luring the formation of a complex by hydrogen bond, 
the stretching frequency of the bond, to which the proton from the neighbouring 
molecule is attached, is decreased. This change in the frequency is calculated 
in a number of cases, on the assumptions that (1) the bond in question is not 
affected by the other atoms in the molecules and (2) the molecules that aro joining 
to form the complex are not influenced by the others in the liquid. We have, 
now gathered evidence to show that these assumptions are not quite justified. 

1. Monochloracetic acid : One of us (1944) reported on the changes in 
the 0 = 0 stretching frequency of this acid at various concentrations and 
temperatures. At 10.6A^, it shows a sharp maximum at dv = 1710. With 
dilution, a component appears at dv = 1617 which increases in intensity while 
the peak at dv = 1710 decreases. On heating the solution from 30°C to 
80°C, also, the component at 1617 brightens up. As usual, dv ESS 1710 iB ftl/tri* 
buted to a dimer and dv = 1617 to an unattached molecule, the hydrogen bond 
formation increasing the frequency contrary to general expectation, Most 
of the studies on complex formation by the application of Raman Effect depend 
on the shift of this line to lower frequency as, for instance, in the case of acetic 
acid (Kotaswaram, 1944), and trichloroacetic acid (N. R. Rao, 1943). Obviously, 
the 0 = 0 bond should not be regarded as if it is isolated. 

* Coggshall, 1950, Venkataramainah & Poranik, 1902 
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Raman spectra of nitrates at various temperatures and of water at lOO'C. 
The shift of dr- 1050 with temperature and its highest intensity at lOO'C 
arc seen. In the spectrum of nitrate at lOOT the water band is more intense 
than even for pure water. 
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2. Siilphuric acid : Baman speoirui^ of 100% sulphuric acid consists of 
four groups of lines dv = 380, 490, 910 and 1150 and 1366 forming the fourth 
group comparing the spectrum with that of CCI4. In addition, we have a line at 
980 and a faint band at 3000 which correspo||ds to OH band, dv — 980 disappears 
on heating the acid to 350° C or on adding alsmall amount of water— it is absent 
in 98% acid. Lines 380 and 490 are, h^j^hly depolarised and 910 is highly 
polarised similar to the dv 459 of CCI4, supgesting that it is of type and total 
symmetric. It is found to shift from 910 a^0°C to 890 at 360°C, as seen from 
the microphotometric records in Fig. I. .|i8, normally, separation of molecules 
takes place at higher temperature, this induction in frequency is quite un- 
expected. 

H2SO4 


360°C 


30°C 


Fig. 1. Sulphuric acid at two temperatuies. Th« shify of dv»»10 to lowor 
frequanoy bX higher temperature is seen. 

3. Solution of Sodium nitrate : We wonder if we are dealing with molectdes 
that are deformed during the formation of a complex. If this view is correct, 
we now cite a case where this is shown directly. Plate V shows Raman spectra 
of 5N sodium nitrate at 16°0, 40°C and 100°C and pure watOT at 100°C. The 
&Bt speotnun is taken separately and others with a Hartman diaphragm. 
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NO 3 , being of Dg* symmetry, is well known to show three Baman lines at dv 
720, 1050, 1390. But, the spectrum at ](>°C contains a faint line at 594 in 
addition, making one suspect whether the ion has become pyramidal on hydra- 
tion. If so. using th(' formula, given by Herzberg, 

cosy/ ^ 

4 v ^3 v ^4 Smif—nix 

v\ v^2 

where, Vj, V 2 , V 3 . V 4 , are respectively 1050, 594, 720, and 1390. nty and ma. 
are masses of oxygen and nitrogen respectively, /? = 72° 12' for the angle 
between the axis of the pyramid and one of the NO bonds. This view is further 
supported by the fact that the total symmetric line 1050 shifts to lower 
frequency by 10 cm""^ on increasing the temperature from 10°C to 40°C and by 
5 cm”^ for an increase from 40° C to 100°0. 

A strong evidence for hydration is shown by the fact that this line increases 
both in intensity and width on heating. This is clearly demonstrated by the fact 
that A4916 is of the same intensity at the two temperatures 40° C and 100° C 
while dv — 1050 is much brighter at 100°C. This is in accordance with the evi- 
dence shown earlier to the effect that the bond stretching line decreases in intensity 
on forming a complex. 

Another point of interest is the large increase in the width of the line dv = 1050. 
If the width of the line is due to inter-ionic Stark Effect, widening of the line 
at higher temperature may be due to ( 1 ) decrease in the dielectric constant at high 
temperature and (2) closer approach of the ions of opposite sign. According to 
the model of a solution proposed by S. Lengyel, ions in a solution are com- 
pletely surrounded by molecules of w^ater, the first shell by strong and regular 
hydrogen bonds and others by comparatively randomly oriented molecules of 
water, keeping the ions of opposite sign well separated. On increasing the 
temperature, however, the hydration shell breaks down, ponnitting the ions to 
come closer. This is, perhaps, the first direct spectroscopic evidence for the 
formation of crystalline hydrates of ions in solution. 

Another consocjuence of hydration is its effect on the determination of the 
degree of dissociation of acids by applying Raman Effect first introduced by 
Rao (1930), and followed by a number of others. In this method, the intensity 
of the line dv = 1050 is measured in the spectra of nitric acid of various concentra- 
tions and assuming that it is proportional to the number of ions formed, the degree 
of dissociation is calculated. Now, if hydration is having some influence on the 
line, it introduces a large error in the determination of the degree of dissociation 
of the acid, especially at high concentrations as the amount of water available 
may not be sufficient to completely surround all the ions at all the concentrations. 

Plate V shows another feature. Water band is stronger in the salt solution 
at 100°C than in the spectra on either side. It is well known that water band is 
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very wide and it is due to hydrogen Iwnded clusters. As the water is heated, 
the band becomes narrower duo to the clusters breaking down. It is also known 
that on adding a salt or acid, again the baii|id becomes narrow. Now, while the 
width of the band does not change from 40^ to 100®C of the salt solution, it is 
much stronger at 100°C, showing that while |he structure breaks down completely 
even at 40°C in the salt solution the i4ns which are surrounded by water 
forming hydrogen bonds are not relieved tfrom this bondage. The molecules 
in salt solution at 100° C are free compared to those in pure water at this 
temperature. I 
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ABSTRACT. The operation of typical automatic phase control circuits has been stu- 
died with particular reference to locking range and time. The similarity of an injection syn- 
chronised oscillator with a slow acting amplitude stabilisation circuit to a standard AFC system 
is pointed out. The pull-in phenomenon in APC circuits, with either sinusoidal or triangular 
comparators, incorporating low-pass filters in the feedback loop has been analysed. Expres- 
sions have been derived for the locking range and time of APC circuits using a sinewave com- 
parator. Experimental results obtained for such circuits have been presented and are found 
to bo in good agreement with the computed values. 

INTRODUCTION 

A phase locked oscillator, as its name implies, is an oscillator the phase of 
which is locked to an input reference oscillation. It operates by detecting the 
phase difference between the two oscillations and controlling the frequency of the 
oscillator in correspondence to a measure of this phase difference after suitable 
filtering. 

A phase locked oscillator is essentially a feedback device incorporating a 
narrow-band filter. Because of the narrow band feedback process it reduces 
internally generated noises and disturbances as well as disturbances appearing 
at the input. A phase-locked oscillator thus finds uses in noise- and jitter-free 
frequency synthesis and in frequency tracking. An APC circuit has a close simi- 
larity to injection synchronised oscillator where an oscillation of a desired frequency 
is injected into the oscillator. The amplitude and frequency of the injected voltage 
must be sucli as to quench the free oscillation, the quenching action being obtained 
through an instantaneous limiter type non-linearity which attenuates the weaker 
signal more than the stronger. 

Because of the close similarity between the phase looked oscillator and the 
injection synchronised oscillator, this paper deals with some of the characteris- 
tics, such as the locking range and time, of both types of oscillator. 

In section 2, a simple explanation of single frequency synchronisation pheno- 
mena is given and it is emphasised that it is imperative to use a limiter type charac- 
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teristic. Tliis is followed by a study in section 3 of the effect of low frequency 
tune constant of the gain control arrangemeni of an injection synchronised oscil- 
lator. The similarity between this type of oscillator and a phase locked oscillator 
having a low pass filter in the loop has been ^Ipointed out. 

The behaviour of a simple APC circuit with sinusoidal and linear phase com- 
parators has been analysed in section 4. An txplanation of pull-in effect is given 
in section 5 for APC loops with two different filters. From the accompanying 
analysis an approximate idea of the pulling rinnge and time can be formed. 

Expressions for locking time and range h|ive been derived in section 6. Two 
types of filters have been considered in this connection — one with negligible high 
frequency gain and the other with finite high frequency gain. Simple but approxi- 
mate relations for the locking range and time have been given. The practical 
results with regard to locking range in APC circuits with typical filter networks 
in the loop have been prestmtod in section 7. These arc in good agreement with 
the theoretical formulae. 

SINGLE FREQUENCY DIRECT SYNCHRONISATION 

PHENOMENA 

In this section, single frequency direct synchronisation in an oscillator of the 
type shown in Fig. 1 will be considered. 



Fig. 1. Sohematio diagram of a directly synchronised grid tuned oscillator. 

’ The* phenomenon of synchronisation in injection synchronised oscillators 
can be understood in the following way. Due to the mixing process provided by 
the inherent non-linearity between the grid voltage and the plate current in the 
tube circuit, the effective transconductance of the tube or the gain parameter 
has an in-phase as well as a quadrature component. The in-phase component 
modulates the amplitude of the free running oscillator and the quadrature compo- 
nent modulates the frequency of the oscillator. The magnitude of these quantities 
will depend on the relative amplitudes and the phase difference between the 
reference signal and the free running oscillator. If the frequency difference 
Qjin between these signals is not large and the synchronising amplitude 
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is adequate, then it may be expected that the phase difference will attain 
a steady value and the phase of the free running oscillator will be locked in 
syiuihronism with that of the reference signal. The amplitude of the synchro- 
nising signal re(iiiired for synchronising the free running oscillator depends not 
only on the difference of frequency between the free running oscillator and the 
reference signal but also on the amplitude of the free running oscillation. 

Locking can also be considered as selection of the external signal and supression 
of the internal. The suppression depends on the fact that when two non-cohorent 
signals are applied to a limiter-type non-linear transference, the weaker signal 
is attenuated more than the stronger. One can understand the mechanism of 
Aveaker signal suppression by a reference to Fig. 2 which depicts relative trans- 
]uission at two frequencies through a (uibic type ntm -linearity, 



Fig. 2. Transmission characteristics of a limiter type non-linearity. 

•^out ^ ... ( 2 , 1 ) 

If we assume that is of the form 

x^n (t i ,,, ( 2 . 2 ) 

then the transmission of component at frequency having the 

amplitude ‘a’ in presence of the another component at frequency and of 
amplitude ‘b’ is 

r«(a, b) = [l-3/4(a2+262)]a. 

Similarly, for the component at frequency w,, 

Tb(a,b) = b^l- I ( 62 + 2 o*)j . 




( 2 . 4 ) 
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On the other hand, if we assume an expansion-typo characteristic such as given by 



Xout = oxp (a:*,)— exp (—*<„), 

... (2.5) 

then the transmissions are given by 



Ta{a,b) = 2Ua)Ub), ' 

... (2.6) 

and 

T,(a, b) = 2/„(a) /,(6).: 

... (2.7) 


A plot of Ta(a, b)la is shown in Fig. 3 from which one* easily understands that this 
type of characteristic helps a weaker signal ta build up. 



Fig. 3. Transmission characteristics of an expander type nondinearity. 

It is evident, then, that a limiter type characteristic is preferable to an ex- 
pander type characteristic so far as the interferen(;e reduction is concerned. In 
the case of limiter type charactt^ristics, if we consider the same frequency synchro- 
nisation phenomena, it can be easily shown that the locking equation is given by, 

^ = a~K sin (2.8) 

whore AT is a constant which depends on vr and ‘6’ and Cl is the initial frequency 
difference. It is to be noted that the process of synchronisation is due to instanta- 
neous limiting and thus no filtering other than at r.f. is possible. In fact the 

value of K is given approximately by jfiT = ^ for single tuned circuit. 

It is to be noted that if there are finite transmissions at other frequencies 
generated through the process of limiting then the statements made earlier in 
connection with interference reduction do not apply. If, for example, the com- 
ponent at frequency (2ci>i— cog) has finite transmission then it can be showm that 
the amount of suppression obtainable is small. This is due to the fact that the 
input to the limiter in such a case shows too little amplitude modulation for limiting 
to be effective. In any event the oscillator should have a soft characteristic, 
that is, it should be a free oscillator even in the absence of any r.f. input excitation. 
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Thus oscillators working in any 8ubharnn)nic mode should be free-running and 
not of the regenerative divider type. 

EFFECT OF LO W-F REQUENCY TIME CONSTANT OP 
THE GAIN CONTROL ARRANGEMENT ON 
THE PHASE EQUATION 

In the previous case we have assumed instantaneous limiting due to which 
there was ‘strong signal capture’ and ‘small signal rejection’. Wo shall now study 
the case when the limiting is not instantaneous. In most of the practical oscil- 
lator circuits the gain control arrangement is only partly instantaneous. For 
example, the R-C time constant in the self-bias circuit of an oscillator provides 
a slow-acting gain control circuit. 

Let us suppose that the gain is controlled by the rectified envelope and the 
time constant of the circuit is T secs. Then the open looj) equations can be wTitten 
as (Fig. 4), 



Fig. 4. Equivalent block diagram of a directly wynchronised oscillator with a filter in the 
gain control circuit. 

g(Eo)Vi ... (3.1) 

and T = Ef-Eo = avi-E.. ... (3.2) 

at 

where vi and Vq are the input and output voltages respectively and Ei is the detec- 
ted voltage and Eq is the control voltage. 

Now let us suppose that i\ consists of two components one at an angular 
frequency and the other at the angular frequency co,^ of amplitudes ‘a’ and 
respectively. Then 

= a cos ^1+6 cos ^5^2’ ••• (3*3) 

It can be shown that if the control characteristic is given by ff(E0)ss:( 1 — ^IEqI^) 

9o> transmissions at frequencies (o^ and o>2 are respectively 

T^(a, b) =:: a[l-^g 0 (a^+b^J^b^Oy^ cos $i)], ... (3.4) 

6) = 5[1 cos ^j)], . . . (3.6) 

where G^i(Aco) exp [j^i(Ao))] represents the filter transmission at the difference 
frepuency Aco = coi ~ cog. Hence from the above it is evident that if cos ^ 0, 
then there will be non-linear discrimination of one frequency against the another* 
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Similar conclusions apply for other types of gain control characteristics, like 

Now for the loop shown in Fig. 4 th« component ‘a’ at should satisfy the 
following eq. { 

a cos [ Fa{a, 6)+^ cos $ |+JB sin $ sin (o)i<+$) 


where 


yip) 


• cos (6)|{+4>), 


yip) = 


ap 

pHap-f <Oo* 


(3.6) 


(3.7) 


and E cos(wi<+4>) is the external synchronising voltage. Now 


1 

yip) 



[p+ 


“oM «a- 14. 2 

p ' a 2coi 


(3.8) 


If we put p = jcf^i+S 

where 8 represents an operator in a slow time scale. The amplitu(le and phaes 
equations are approximately given by 

2 • = J Faia, i)- 1 1 +E cos ... (3.9) 

a dt I J 


1 ^ sin <j>. (3.10) 

a dt atOi 


Hence from (3.2) and (3.10) we have, 


2 . d^ _ _ “i*— Wo* 
a dt awj 


“o . 
Eo 


E 

(l+PT) 


sin 


(3.11) 


which can be rewritten in the form 

f = ... (3.12) 

where G(p) represents the transfer function of a simple R-C lag filter. It is to be 
noted that Eq. (3.16) represents the APC equation with a simple R-C lag filter 
(see Sec. 6, 2). It is apparonts that the maximum rate of the input frequency 
variation depends on the Q of the tuned circuit and the time constant of the gain 
control circuit. Experimental results for locking range for different values of 
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the BC product in the grid circuit of an oscillator are shown in Fig. 4(a). These 
confirm the theoretical findings. 



Time-Const, 

Fig. 4(a). Pull-in performance of the directly synchronised oscillator with a slow noting gain 
control arrangement. The variation of the locking range with the detector time 
constant is shown for three values of the synchromising voltage. 

THE SIMPLE APC CIRCUIT 

In this section we shall consider the simple APC circuit shown in Fig. 5. It 
(;ontains an oscnllator whose output frequency is approximately equal to the desired 


mr X’/iOD yco, 

T 

Fig. 5. Block diagram of a standard APC circuit. 

frequency, a phase detector and a reactance modulator. The phase detector 
performs the function of an error detecting device in the sense that it detects the 
error between the instantaneous phases of the reference input and the oscillator. 

APC loops can be classified into different categories depending on the nature 
of the signals and the type of comparator used. The signal may be continuous 
or interrupted. The comparator may be linear or sinusoidal. In the following 
analysis we will assume the signal to be continuous. 

4.1. APC Circuit with Sinusoidal Comparator : 

We shall here analyse the behaviour of an APC circuit with a sinusoidal 
comparator. In this case the output of the phase detector 8E is 

SE ^ p sin 


( 4 . 1 ) 
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where 0 is the instantaneous phase difference between the signals and // represents 
the gain of the phase detector in volts per radian. This outout voltage tends 
to keep the output freauency of the oscillator constant through the reactance 
modulator, the sensitivity of which can be represented by 

P = (4.2) 

Thus // represents the gain of the mo^lulator in rad/s(Hi per volt. Then the 
governing equation of the system is givljai by 

^ n— A'sin^, ... (4.3) 


where K ~ ///^. If O , the undisturbed beat angular frequency, is less than Ky 
then there is a fixed value 0 = for which = 0, so that 


0, = sin^Ma/A"). 


(4.4) 


Thus if the initial detuning lies within the limiting synchronisation range (A) 
then the phase of the output oscillation wdll be locked in phase in synchronism 
with the reference input. Solving Eq. (4.3), expressions for tlie instantaneous 
phase and frequency of the oscillator can be readily obtained. 


and 


If Q > A then the instantaneous phase and frequency are given by 

[ m + «+«] - 

1 ? 

dl iVKl -lJ(o/i:)2+co8(2i4--^„) 


(4.5a) 


(4.5b) 


where xjr ^ K — L (^j f^) 

and Pq = tan-i-y/ ( ^ j —1. 

Inside the pull-in range (i.c. a < K) the expression for the instantaneous phase is 

9 i- 2 tan-i[ tanhi: (<+g] ... ( 4 . 6 ) 

A Fourier analysis of Eq. (4.6b) yields the values of the spectral components 
of the instantaneous frequency 

^ ( J-)* [l-2roo8(2v5^-/?o)+2r®cos2(2iJ^-/?o)- 

...+(— l)"2r" cos n(2ip—Po)], 




(4.7) 
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where ’ 

It is cloar from the study of Eq. (4.7) that the instantaneous frequency will 
show violent fluctuation as (2 approaclu^s K and the output will contain a large 
number of spectral components of significant amplitudes separated by the multiples 
of the Ixmt frccpiency. The instantaneous phase for frequencies away from the 
cross-over (i.e. ii>> K) can be represented by the following approximate relation 

^ ~ coi sin sin (26)#+0) ... (4.8) 

The values of co, a, and 0 can be determined by substituting the value of 

0 given by Eq. 4.8 into Eq. 4.3 and equating components at different frequcmiies. 

4.2 Linear Phase Comparator : 

We shall now consider the case where the instantaneous detected voltage is 
a symmetrical triangular function of the phase difference (Fig. 6). The loop 
equation now becomes 



Fig. 6. Output of the linear phase comparator. 


d(f> 


dt 


f = 12 -K<1>, -7r/2 < ^5 < +7r/2 


(4.9a) 


and If ~ ^ — ir(7r— ^),+7r/2 < ^ < 37r/2. ... (4.9b) 

It may be mentioned that a symmetrical triangular comparator can be realised 
in practice by mixing two strongly limited r.f. voltages. 

The i)eriod of the instantaneous beat frequency can be found by solving 
(4.9) and is given by 



... (4.10) 


where 


X 


Kn 

~2q 


If the comparator characteristic is triangular but asymmetric, i.e., the 
detected voltage is 

V = Kjt^, < ^ < 

V = K^, < 0 < (^i+n) 


and 
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and the correeponding expression for a Ixfat period is 


1 + 


T 


K\ 


logr 


Eihn 

a 

n -J 




Cl 




1-K^ 


TT- 


-01 


Cl 


(4.11) 


The instantaneous beat frequency 27r/T ani also the discriminator output voltage 
for the case of a symmetrical triangular co|tiparator have been plotted against qT 
and compared with those of the gelso wh#n the phase comparator is sinusoidal 
(Fig. 7). It will be observed that there i$ a close functional similarity between 



Fig. 7. Discriminator output and boat frequency vs. error characteristics. 

an APC loop with a symmetrical triangular comparator and that with a sinusoidal 
comparator, although tlie range in the former is larger by a factor of 7r/2. 


APC LOOP WITH FILTER 

It will be observed from the analysis in section 4 that for APC circuits without 
a filter incorporating cither type of comparator the value of the locking ratio 
(ClIK) determines completely their performance characteristics, viz., locking range, 
noise band- width and the nature of the response to transients of phase and fre- 
quency. Now it is considered desirable to be able to control these parameters 
independently of one another, in particular, to reduce the noise band- width. 
Incorporation of an appropriate low pass filter in the loop helps to achieve this. 
Inclusion of the filter network will, however, introduce the so-called pull-in pheno- 
menon. The response to transients may no longer be deadbeat even if the dif- 
ference frequency lies within the locking range and the instantaneous frequency 
may drift for a few beat cycles of continuously decreasing frequency till equilli- 
brium is reached. 

6.1. PulUin Effect in an APC Circuit tvith Filter and Symmetrical Triangular 
Comparator : 

We shall now consider the pull-in phenomena in an APC circuit with symmetri- 

5 
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cal triangular phase comparator and a low pass filter. Introduction of a filter in 
the feedback loop mo<lifie8 Eq. (4.9) to the following equations : 


n—K-a{p)(l>, — 7r/2 < < +7r/2 


.. (5.1) 


and “f = JI-A- • 0{p){7T-<f>), +nl2 < < 37r/2 (5.2) 

at 

where G(p) stands for the filter-transfer function. For the filter network shown 
in Fig. H(a) we have from equations (5.1) and (5.2) 





H?T 




/-PXT^ 

Ul 


Fig. 8. Simple low pass filter : 

(a) with negligible high frequency gain (6) with finite high frequency gain. 

+ i • W +f •A-0,-„/2<iK./2 ... (5.3) 


where 


<I>,=<I>-QIK 


“ r* 4. * 


< 3;r/2 ... (5.4) 


where 


^2 = <j>—Q,IK-\-7il2. 
a — B.G. 


Combining (6.3) and (5.4) the phase equation of such a system can be written as 




... (5.5) 


Writing o == di/rjdt, we have 


$ “ 26 T W“- 


... ( 6 . 6 ) 
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As an example, we shall consider the case when b = 0.5 and C ~ 1. The ‘pliase- 
plane’ plots for this case are shown in Pig. 9^) and 9(b). Now when lies between 




Fig, 9(c) Phase-piano trajectories. 

=-2+fy« 



Fig. 9{d) Phase-plane trajoctories. 


— jr/2 and +?r2, ^lies between — 7 r/ 2 — n/A' and 7r/2— ii/A and similarly when 
4> lies between 7r/2 and 37r/2, ijr lies between — 7 r/ 24 - 0 /A and 7 r/ 2 +n/A. On 
the assumption that n/A = 0.5, Eq. (5.6) becomes 

^ = _i_^/w,-2.07 <v!r < 1.07 ... (6.7) 


and 


^ =-l+f/co, -1.07 < (i- < 2.07 


... ( 6 . 8 ) 
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We may now consider a typical trajectory starting from ^ 1.07, o> = 6. The 

trajectory will lie in the region defined by (5.8), till at the end of the interval AB, 
i/r becomes 2.07 and the instantaneous beat frequency o> becomes 3.3 (Fig. 9a). 
The next stretch of the trajectory starts from ?// ~ — 2.07. Now at the end of this 
interval CD (Fig. 9b) i/r — 1.07 and to is seen to be reduced to 0.8. During the 
next successive cycles the value of the terminal co continuously decreases (Figs. 
9a and 9b) and ultimately the oscillator is pulled into synchronism. Tt thus 
requires a phase drift of about 4zr radians for the oscillator to synchronise. As 
the ratio oJK is increased and is brought closer to unity, the oscillator takes 
more time to be synchronised. Now at the extreme case when OjK = 7r/2 it can 
be shown that the instantaneous beat frequency at first decreases but it does so 
upto a certain limit. To study the effect of different values of the RC product 
the trajectories for different values of will have to be drawn and the motion of 
(co, ?/r) followed from the initial conditions through a required number of cycles 
till the equilibrium is attained. 

Graphical construction, similar to those considered above, is possible for the 
filter network shown in Fig. 8(b). Here 




^'hero a^xCR, p ^ {\.-\-x)CR. 

Now taking, for example, Kjfi = ], we have 


(5.9) 


I -l-ccA. -j- f I 

if r 


(5.10) 


The pull-in mechanism here will be clear from a study of the appropriate 
plots (see Fig. 9) for different values of the time constants a and /?. The effect 
of different values of a and /? on the locking range and time will also be evident. 

5.2. APC circuit unth Filter and a Sinusoidal Comparator : 

The governing equation of an APC circuit with a lowpass filter in the loop 
(Fig. 10) is given by the relation 


Xmn nim Yco. 


Fig. 10. Block diagram of an APC system with filter. 


§ = a-KQ{p)smt^, 


t « • 


( 6 . 11 ) 
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where G{p) represents the gain function of the lowpass filter network normalised 
with respt'ct to the maximum gain at zfro frequency. As was pointed out in 
the discussion on the simple APC loop, tbe phase function contains not only the 
component at the fundamental beat frequency but also harmonic components. 
Now for a low pass filter it is logical to assume that the filter-transmission at the 
harmonic frequencies 2a>, 3to etc. is negligible. Then outside the pull-in range, 
the phast! function (Cf. Eq. 4.7) takes th# simple form 

0 = (oi-fa-ffn sin to< ... (5.12) 

r 

where w is the beat frequency. ] 

The steady state loop equations then bibcome 

w - n 4 J,(m) - — — — , ... (5.13) 




"I * / cos 0J 

^(w) 1 \ Gy, 


) 




6) sin (j>^ 

(7r 


where 




and Jn(m) is Bessers Function of order 'n and argument 'm\ and is the filter 
phase and and Gr^ represent respectively d.c. and a.e. gains of the filter. These 
equations enable determination of a, co and m for a given Q. Now if tlie Eqs. 
(5.13) and (5.14) can be simultaneously satisfied for any value of the beat frequency 
CO and a value of m less than unity, the system will not lock and will show stationary 
boats. On the other hand, ‘instability’, leading to sjmehronisation, will set in if 
the value of m demanded by the Eqs. (5.13) and (5.14) equals or exceeds unity. 

The plots of the equations (5.13) and (5.14) for a simple R-C network are shown 
in Pig. 1 1. With the help of this figure one can find tlu‘ variation of (o and m 



KT^ 

Fig* 11. Graph illustratixig the evaluation of and ‘m* using Eqs. 6.13 and 6.14. 
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with time till the limiting value of the beat frequency corresponding to m = 1 
is reached, and also whether the system will synchronise or not. 

LOCKING RANGE AND LOCKING TIME 

An APC loop is characterised by the following parameters :(i) the locking 
range, (ii) the locking time and (iii) the noise bandwidth (see Appendix for an 
expression for the noise-bandwidth). The locking time can be thought of as 
composed of frequency pulling time and phase pulling time. Phase pulling time 
is the time taken by the loop to annul the discrepancy in phase between the input 
and the output, if the initial difference frequency is very small. Frequency pulling 
time, on the other hand, is the time required for equalisation of the frequency of 
the input and the output brought about by a gradual increase of the steady dis- 
criminator voltage. It should be remarked that the frequency pulling time is 
considerably larger than the phase pulling time. (The latter has been briefly 
analysed in the Appendix). 

During the period of phase pulling, one may consider the APC loop as a semi- 
direct-current loop, while during the period of frequency pulling the loop is a com- 
bined A.C. and DC. one, and the A.C. gain characteristic assumes a significant 
role. Now there may arise two distinct cases — (a) one in which the limiting high 
frequency gain is zero and (b) the other in which it is finite. Whatever the case 
may be, in the long time process of frequency pulling there will be a steady drift 
of the difference frequency per beat cycle. The amount of this drift is determined 
by the initial difference frequency and the gain of the open loop at the beat fre- 
quency. The situation is best analysed by considering the phenomenon in a 
sequence of beat cycles. The phenomenon of frequency pulling in APC loops 
with two different types of filters mentioned above will be studied in some details 
in this section and expressions for locking range and time will then be derived. 

6.1. Filter with Finite A,C. Gain : 

We shall assume that the gain function 0{P) may be separated into two parts- 
high frequency gain OniP) and a low frequency portion Oj^(p), i.e., 

G(P) ^ OBip)+Gdph ... ( 6 . 1 ) 

Further it will be assumed that the high frequency gain is considerably smaller 
than the low frequency gain. If the initial difference frequency Cl is lower than 
KGffy the phase will attain a steady value in a fairly short period. On the other 
hand, if D > KO^ the system may still attain the equilibrium, but the time will 
be considerably longer. In the period of a beat cycle, the beat frequency may be 
considered to be constant. There will, however, be a steady drift of the value of 
this beat frequency over a number of such cycles. Now 

^ ~ {Cl-^KOi sin ^)^KOg sin 


... ( 6 . 2 ) 
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If the time constants involved in locking a»e long compared with a period of a beat 
cycle, we can write, 


KGa sin ^ sin 



i.e., =—big-{-i 1 —KOi, 6 m^ 

... (6.3) 

Now putting 

«i =» 0— .ffiSiSin^, 


or. 

®i = n— sin^. 

... (6.4) 

Wo have from (6.3) 




... (6.6) 

So that 

KGg sin = - A/ffli®-(J^(?fl)®+®i. 

... (6.6) 


This equation gives us the value of the effective difference frequency at a given 
time. Equations (6.4) and (6.6) yield 


= ^ . ... (6.7) 

Equation (6.7) can be written as a differential equation in ©j, which can then 
be solved for evaluating frequency pulling time (Richman, 1954). For example, 
if 

a{p) = m+ , 

14 - p £ t, 

m 


where y = ® Tjte, = l/yytf = \jK and m is ratio of a.c. gain to d.c. gain of the 
filter. Now replacing -y/®!®— (mX)* by the approximate relation — 


®i— 0.84«»F' 


and putting = p, almK = p^ we have ultimately the following relations 

for the locking time and range : 


mTv 

yto 


[- (/)»-2ftp+0.84p9)- 


26-0.84 


■}/ 0.84/?o— 6® 


tan~^ — ^ ^ ]_ ... (6.8) 

V0.84/)„*-6* 


and 


O/JST ^ 0.16+0.84WI, 


... (6.9) 


2b = Po+ 


TO— 0.16 


where 


TO 
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6.2. Filler mth Negligible High-Frequency Gain : 

Thoro may be systems in whieh there is no high frequency gain or the high 
frecjueney gain falls rapidly with frequency. An example is provided by a simple 
R-V filter (Rey, 1960). In this ease, the loop equation reduces to 


= ... , 6 . 11 ) 


Where T is the time constant. We may assume that 

(j) r= sin ... (0.12) 

Hence from these two eijuations we have 

T ^ sin (i — Q, ... (6.13) 

^ w— ^)-(-A(«I(,+tIg) sin ^ = 0, ... (6.14) 

“ ** cos/? =- 0. ... (6.15) 

To a first order of approximation 


F(Jo \ Jj) sin (i eas ’ 

... (6.16) 

and K ( J, - J^) cos // sai T | j . 

Therefore from the Eqs. (6.12), (6.16) and (6.17) 

... (6.17) 


... (6.18) 


from whieh locking range and time can be found out. Again from above, wo have 
mw = KG.J^m). ... (g.ig) 

Th^ locking range is given by 


Oio = Jr«(i+ , 
where tftp denotes the filter-phase angle. 


( 6 . 20 ) 


• «« 
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The locking time can be found by evaluating 

KQ 

= T f — 

J fi— J 


where 




F(<^) == co- 




K 1 

2 

K 


( 6 . 21 ) 


It should be mentioned that equations 15.19), (6.20) and (6.21) will apply 
for any APC loop with a filter having negli^ble asymptotic gain. 


6.3. Derivation of Simple Expressions for Locking Range and Time : 

Locking range and tinu^ can also be estimated from the following simple 
treatment. We shall here assume tliat the instantaneous phase contains : (i) a 
very slowly varying component a, corresponding to a slow change of the averge 
discriminator voltage, (ii) a component varying linearly with time at the rate of 
the beat angular frequency and (iii) a component periodic at the beat frequency. 
If we further assume that the signifiijant component of the periodic part is the 
fundamental, the following equations are obtained to a first order of approximation : 

=: Q ~o+^6ro«/i(m) sin a, (6.22) 


^dt ^ ^ ^ (6.23) 

and ?wo) =— /i6/[e/Q sin (a+0)-|- sin (a— 0)J, (6.24) 

Using these equations (Eq. 6.22 to 6.24), one can derive an approximate equa- 
tion for the average drift in frequency 

■(a-0.8KG)-0.2KGoBma (6.25) 

at 


where O stands for the average value of the network gain over the range — d.c. 
to the initial difference frequency fl. The weighted averaging involved in this 
derivation has been done with due regard to the ranges over which the quantities 
vary . It is to be noted, for example, that the value of 'm' will be initially small, but 
after a while will approach unity. 

Eq. (6.25) is identical in form with Eq. (4.3) and gives both the locking 
range and time. Thus assuming <?. = 1. initial difference frequency is given 
by ' 

q = KO ... (6-26) 

6 
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The locking time can be found by evaluating 


T p 



da 

a 


... ( 6 . 27 ) 


= K, = .2KGo 

where ai aiicl aj are the initial and. final values of. a. 

The initial value of a can be found by putting daldt = 0, dmidt = 0 in Eqs, 
(6.22) to (6.24). An working approximate value for ai is [7r/2— {^(Q)]. The 
final value is obviously equal to Using Eq. (6.27) it is now possible to 

find the locking time for a given difference frequency. 

It will apiiear that the knowledge of the average again G and the network 
phase (l>(n) at 12 is sufficient to obtain reasonably accurate estimates of the locking 
time and range (see Sec. 7). The value of G in Eqs. (6.26) and (6.25) can be found 
out either analytically or graphically. Analytical solutions are possible only in 
simple cases and one will have to take recourse to graphical techniques in cases 
when the network gain function contains a number of poles and zeros. 

Graphical constructions for the filters (Figs. 8a and 8V)) have been shown in 
Figs. 12 and 13 from which the evaluation of locking ratio (ll/A) can be accom* 
plished with the help of equation (6.26). 



Fig. 12. Graphical detormination of locking ratio for the simple R-C filter of Fig. 8(a) 



Fig. 13. Graphical determination of locking ratio for the filter of Fig. 8(6), 
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EXPEBIMENTAL SET-UP AND RESULTS 

In this section we shall first describe the experimental set-up* This will be 
followed by a discussion of the results obtained and comparison of these with the 
results of the analysis presented in section d 

Fig. 14 shows the experimental set-iij)| for making measurements of the 
locking range (q) for two types of filters — f)i|B having negligible high frequency 



Fig. 14. Expori mental set-up. 


gain and the other having finite high frequency gain-to check the theoretically 
derived results. The detailed circuit diagram is shown in Fig. 15. The phase 
shift of repaired between the grid and the plate voltages in the reactance tube 
(4) has been achieved by means of a two stage R-C phase-shifter (Ri3Ci3Ri4^5i4) 



\ Fig. 15, Detailed circuit diagram of the system. 

provided with a trimmer to effect accurate adjustments. This arrangement was 
adopted as it ensures negligible conductance loading of the reactance tube (V4). 
The oscillator to be synchronised is electron coupled tuned grid Hartely type (Vg). 
The phase detector used is of the balanced demodulator type. Its output is the 
difference between the voltages | 1 and lE^ Ei\ where an are pro- 

portional respectively to the oscillator atid input synchronising voltages. For 
a successful operation of the circuit it is necessary to guarantee that the ratio of 
the magnitudes of the two voltages never approaches unity. The centre frequency 
of the oscillator and the input amplifier need be carefully adjusted to the same 
value. Further, the input amplifier for feeding the phase detector should have 
a flat top characteristics. Presence of a dip anywhere in its response characteris- 
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tics is likely to produce syuiriouH effects and sometimes a type of oscillation. It 
is ne(;ossary ta ensure that the time constant of the detector circuit be such that 
the r-/ filtering is adequate, yet is small enough as not to interact with the filter 
time co/]stantH. In fact the latter consideration sets the lowest limit to the mini- 
mum filter time constant usable. Ft has been found necessary to incorporate an r./. 
choke in the pat h from the detector-filter to the grid of tlie reactance tube to provide 
effe(ttiv(' r,f. decoupling. Ft should also be mentioned that large variations of 
resistance in the d.e. grid circuit should l)e avoided as it affects the sensitivity 
of the X-tube. The value of the limiting angular frequeru^y of synchronisation 
(K) obtaining in the circuit described is 10 kiloradian/sec. 

In Fig. 16 the experimental values of the locking ratio {QjK) have been plotted 
against the product of the limit of synchronising frej)uency in radian per sec and 
the filter time constant of the m^twork of Fig. 8a. The variation of tinu^ constant 
\^as here eff(‘eted by changing the value of‘ the capa(*itane(* (\ It will he found 
that the exi^erimental values are in close agreenuuit with the e()m‘sj)onding values 
computed from Eq. (6.26) which are also shown in Fig. 16. The values of locking 



Fig. 16. Puil-in performnnee of the with filter of Fig. 8 (^ 7 ). 

ratio obtained by computations using Etp (6.20) have Iteen found to be close to 
but a little less than the experimental values. 

In the APC circuit using the filter of Fig. Sb. the value of tlie ratio of the 
a.c./(l.e. gain was varied by changing the valui* of XJi and the time constant by 



19 Mo SO ~ no W 

KT-* 

Fig. 17. Pull-in perfonnaace of the ^tem with filter of Fig, 8(6). 
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changing the capacitance C, Fig. 17 shows the values of the locking ratio deter- 
mined experimentally as well as those com|)iitefl from Ecp (6.26) for this case. 
(Photographs showing transient pull-in fojf the filter of Fig. 8 (b) are given in 


I 



Fig. 18. (a) Photograph showing pull-in time for an APC eirouit with the filter of Fig. 8(6) 
when the initial difforenee froquenoy is : 0.5 Ko/s below the centre frequency. 



Fig. 18. (6) 0.6 Ko/s above the centre frequency. 


Fig. 18)4 Hero also the agreement is fairly close. If, however, Eq. (6.9) is used 
for computing the locking ratio, it wdll be found that the computed values agree 
with the experimental values for large values of T only. The discrepancy at 
low values of T arises from the fact that the difference between . the high and 
the low frequency time constants is then small. 

It can be concluded from the above results that Eq. ( 6 . 26 ) provides a simple 
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Fig, 18. (c) 1.0 Ko/s above the (centre froijuonoy. 

yet fairly accurate n^Jation for calttilating the locking rangt* and time of APC 
systems with filtei s i f a wide class. 

OON(?LUDING BE MARKS 

The locking phenomenon in APC circuits with two different filter networks 
has been analysed for continuous synchronising signal at the input and their 
performance studied experimentally. The (;ases of interrupted wave synchroni- 
sation and the synchronisation with a signal having low S/N ratio will be consi- 
dered id a future coiumunicatioiu 
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APPENDIX 

A.l. Response in a step-chnnge in ‘ji’ and phme Locking Ravage and Time 

We shall here consider the response of an APC circuit to a step change in 
the angular frequency Tl’ applied to the input. If the instantaneous phase dif- 
ference between the external input and the reference input is sufficiently small, 
then the governing equation of the loop is ; 

(A.1) 

With 1 his approximation one can readily find the mioinium value of ^ so tont the 
system never loses cycles by determining the condition that the resultant phase 
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on excitation by a step in frequency never exceeds ±7r/2. For the purpose one 
has only to find the amoimt of overshoot y in the step response of 


F(2>)=- 


The value of the steady state phase 

is seen to be, ,• 


... (A.2) 


Hence the required condition 


" Q(l~\-y) < Kn^ 

I 

n{\+y)<K. ... (A.3) 

If this condition is satisfied one can find the phase locking time hy calculating 
the time required for settling to a value wthin five [>er cent of the difference 
iietueen th(‘ initial and final phases. Let us assume that a sudden step fjhange 
in frequeiK^v is applied at ( ~ 0, when tlie initial conditions are 0 — (), and d(pldt = 0. 
Then Eq. (A.l) reduces to 

“ [1 f (1+r)///’] ... (A.4) 


Substituting 


and 


'A = 




1+ -xKT 

7T 

K 

1 + 2 ^J^rp 


(A.5) 


and comparing (.4.4) with (A. 5) wo have 



(l+a:)!' 


1 

p^Ti-+p+2]n Ki 


... (A.6) 


nl\[p+ 

^(P) = p[p-\-a+0}[p+a—jfi] 


where {a:izjfi) are the roots of the polynomial Aj = 0. Hence 

the variation of phase function with time is given by 


^(0 = 


aTi [ 1 _e-“‘ 

L il+x)T fi 


• ABm(/9t+i!r)J , 


(A.8) 
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where, 




... (A.9) 


)fr = tan“^ 


(i+x)r 

(1 FT)?’ “(a*+A*) 


... (A.10) 


From TSq. (A.8) tiu* percentage ov'crshoot will bo found to be given by 


trn-±3 .= l(Ll^l^'.sin<;-exp[-(?r+6'--'/0cot<?] ... (A.11) 

<f> // 

where and (j)^^ are tin* iiiaxiimnn and steady state phase shifts respectively 
and 

0 ~ tan“^(/y/a) ... (A. 12) 

From Kqs. (A.3) and (A.l 1) the hx^king I’atio is seem to he given hy the approximate 
relation : 


«« 1 
K 1 +(i-y 


... (A.13) 


where 


(7 = sin 0 • exp cot 0] 

P 

y = (l+x)T 


... (A.14) 
... (A.16) 


The instants when tlie phase equals can be fotind from Eq. (A.8). Thus 
<- = . An approximate value for the phase settling time can be 


fS 

written as 




(A.16) 


A,2. Noise Bandwidth : 

Noise bandwidth can be defined as 




... (A.17) 


where 0((b) is the normalised closed loop transfer function. (A.17) can also be 
written as 


imO{-p)dp 


(A.18) 


Now for the lag network, we have 

/(p) = 

14-(l+a:)pr 


... (A.19) 
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and 

p+Kf(p) 

... (A.20) 

Hence 

B - ^ . (a+xM 
" 4 a(l+xKf: 

... (A.21) 

whore 

a = (1+1/x). 

... (A.22) 
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ULTRAVIOLET ABSORPTION OF CARBONATE AND 
BICARBONATE IONS 

A. MOOKHEJUI AND S. P. TANDON* 

Physical Lahokatohies, Dchdwan Univ kksity, 

Niirhwan. W. H.. India. 

(Itexeived .Janmry 15, 1961: Resubmitted, April 4, 1064) 

Carbonate and bicarbonate ion.s have planar structurt! and D^/, syniinctry 
(Mooney, 1D32) similar to that of nitrate ion and henco are expected to give* rise 
to absorption spectra similar to nitrate ion (Mooklierji and Tandon. 1902; Tandon, 
1901). Howi'ver, a detailed study (Janz and Mikawa, 1900) of the correlation of 
0-0 repulsion force constant and separation distances, ri'veals that though there 
is a close resemblance betevi'cn the structures ol' nitrate and carbonate ions yet 
they differ in cliargi' distriljution. There is jiositive charge on nitrogen atom in 
close proximity to the negative cliarge on the nitrate ion (Tandon, 1962). while 
carbon atom in carbonate ion has no cliarge. Due to these differences in chargi* 
distribution and values of atomic orbitals the energies of the absorption bands of 
nitrate and carbonate ions should not be the same, though the general nature of 
the spectnim be similar as demanded by dost' resemblance in structure. Hence 
the authors with improved technique made a close study of the spectrum with a 
“Uvispek” spectrophotometer scanning the spectrum at an interval of 2.5A in 
the region 1850A to 36(K>A. Aqueous solutions at different concentrations of 
several carbonates and bicarbonates showed one weak band at about 200()A 
and the other, very weak compared to the first, at about 2700A. The band at 
2000 A was observed earlier by Ley and Arends (1932) but not the band at 2700 A. 

X-ray (Mooni'y, 1932), infrared (Ramdas, 1953) and magnetic studies 
(Mookherji, 1951) showed that the presence of hydrogen bond in bicarbonate ion 

♦Physics Department, University of Jodhpur, Jodhpur, India. 
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does not aflocjt tho carbonatci group. ConHC'qiiently, the absorption spectra of 
carbonates and l)icar})onates should be similar. This is what has been ol)served. 

The band width of botli the l)ands is almost the same and ~ 10^ cm wliich 
is nearly the same as that of the nitrate ion. Hence it is inferred that the excited 
states for both the bands may b(‘ antibimding (Jorgensen, 1962). 

The oscillator strength P ff>r 2()(M)A baad was calculated following! Jorgensen 
(19/>4) which comes out ~10~'^. This (‘ompares well with that of JOOOA band of 
nitrate ion, suggesting that the transition is, not an allowed one. The other band 
at 2700 A has an os(iiliator strength ‘—>10“^, chara('t(?ristic of a highly forbidden 
transition. Transition ])robabiliti(‘s (‘alculatcnl following Tanabe and Sugario 
(1954) and Mookherji and Tandon (1962) for botli the bands also lead to the same 
conclusion. 

The band at 2000 A showinl fine structure but could not be studied closely 
b(M*aus(' of poor intcuisity. Work is in progress in that din'ction in our laboratory, 
with iniprov<Hl procedure. 

Th(' shift of this band towards shorter wavelengths (blue shift) with progres- 
sive dilution, the f(‘f‘ble intcmsity (P~10 ^) and the resc^mblancc' of the structure 
witli nitrate ion suggest a n transition. This is in (‘onformity with the findings 
of the polar solvent's influences on the absorption frequency (Mc(\>nnell, 1952). 

Calculations by LCAO-MO treatnumt of carl)onate ion similar to that of 
of nitrate ion by McEwen (1961) show that ►rr* transition has energy vSiualler 
than one. Thus low energy and intensity of the band at 2700A suggest 

that the band may be assigned to the forbidden transition. Tliis is further 

su])ported by the large band width of the same ordiT as that of 2909 A band reveal- 
ing the antibonding character of the orbital giving rise' to the excited state. 
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PRELIMINARY OBSERVATIONS ON A REVERSIBLE 
STRUCTURAL CHANGE IN COBALT 
FLUOSILICATE HEXAHYDRATE 

SIDUHARTHA RAY 

Department of Magnetism, 

Indian Association for the Cultivation of Science, 

(kLCUTTA-32. 

(Received March 1 , 1964 ) 

ft has boon recently obscrvocl in our laboratory (Majinnder and Datta, coniinu- 
ni(!atP(l for publipatioii) that rhonihohedral crystals of (iobalt fliiosilicato hoxaliy- 
(Irato. suspended along the trigonal axis, start show ing jiiagnetie anisotropy w hen 
cooled below 248'’K. Furtlier, this change in magnetic behaviour has been found 
to be reversible with teniperature. Tliis pheiKUiu'non evidently indicates some 
reversible structural change in the crystals at tlie said low' temperature, hence 
X-ray investigation w'as taken up to find out the nature of the e,hang(s 

From the magnetic observations it apj)ear8 that w'hatevcr the change it 
undergoes, a single crystal remains a single (uystal in the new phase. 80, oscilla- 
tion and Weissenberg photographs could be obtained w-ith crystals (sooled well 
b(‘low the reportefl transition point. For tlu- preliminary observations ref)orted 
here, all the photogra])hs were taken with crystals oscillating about the trigonal 
axis, in a Weisscmberg camera equipped with a gas-flow type cooling system. 

The Weissenberg photograph thus obtained at low temperature shows that 
corresponding to each spot apy)earing in the similar photogray)h taken at room 
temperature, there is a pair of spots, one, of whicih lies at a slightly different Bragg 
angle than the other. The photograph thus contains two distinct families of spots, 
indicating that the diffraction pattern obtained at a temperature below the mag- 
netic transition point corresponds to two different coexisting phases. 

Both the families of spots can be indexed by triply primitive hexagonal cells 
(as is the case for a rhombohedral structure referred to hexagonal axes), with 
parameters « — 9.68^.01 A and 9.51^7 .01 A respectively for the two. It may 
be mentioned here that the value of the corresponding parameter for cobalt fluo- 
silicate hexahydrate at room temperature is 9.31 A (Hassel and Salveson, 1927). 

Information regarding the cell dimensions along the c-axis are obtained from 
the oscillation photograph taken below transition temperature. Hero also the 
splitting up of the spots into pairs is observed, but since the members of the 
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saniP pair aro found to lie on the same layer line, it is evident that the r-axes of 
both the phase are indentical in direction and repeat distance. Since tlie cooling 
attachment used permits recording of only half the diffra<!tion pattern (lying on 
one side of the equatorial layer line), the repeat distance along the common 
c-axis of the two pliases can only be determined very roughly, and is found to 
be 9.8 A. Corresponding value for the crystal at room temperature is 9.695 A 
(Kassel and Salvesen, loc. cit.). 

The m()St interesting feature regarding the two low temperature phases is 
revealed on close observation of the intensities of the spots in the Weissenberg 
photograph. While the intensities of the spots corresponding to the phase with 
a = 9.68 ± .01 A, reveal a three-fold symmetry, no evidence of such a symmetry 
is observed in the intensities of those' corresponding to the second phase. Hence 
the second phase is only pseudo-hexagonal, with a — h 9.51 .01 A an«l 

y — 120°. This lack of three-fold symmetry explains the appearance of magnetic 
ani.sotropy below the transition temjierature. 

Another interesting feature of the transition is that even when a crystal was 
])re-eooled for one hour before starting the X-ray exposure (which extended for 
two hours in this particular case), the diffraction pattern showed the simultaiu'ous 
exi.stence of both the phases. However, it was not possible to decide at present 
whether the differemic in (sooling treatment made any difference in the relative 
concentration of the two phases. 

lleversibility of the transition has also been tested by taking the photograph 
of a crystal brought back to ro(nn tenijawatun' after the low temperature ex- 
posure, when the same diffraction pattern as that recorded initially at room tem- 
perature is obtained. 

Further detailed work on the stnuitures of the phases and their relationship 
with the original structure of the cry.stal is in progress. 

The author expresses his gratefulness to Prof. A. Bose. D.Sc., F.N.I., tor sug- 
gesting the problem and his keen interest in the work and also to Dr. R. K. Sen. 

Reader, Central Scientific Services, for many helpful suggestions during 
the course of the work, and for kind permission to use the low temperature attach- 
ment set up by his pupils. 
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A SHORT NOTE ON LIGAND FIELD THEORY OF THE 
MAGNETIC ANISOTROPY AND SUSCEPTIBILITY OF 
Fe2+ TUTTON SALTS 

B. BHATTACHARYYA* 

Dkpt. of Magnetism, Indian Assoc iation foh the (’’ultivation 
OF Science, (’al<’L’tta-32. 

(Received May 26, I9d4) 

Investigations on tlie inagnetie snseeptibility and anisotrojiy of FefNFl4S04)2, 
GKjjO (Bos(' ef uL. 1901) by Pryce's method shows a 29% redneiion of thi' spin- 
orbit coupling oving to eovaleney (dfeets. We have tluTidore, applied here the 
nion^ reasonable and general nu^thod of moleeular orbitals (Van-Vleeh 1932, 
Stevens I9o3. am! Bose et at., 1909) assuming that the eovaleney oviulap is aniso- 
tropic. 

The theoretical calculations of jirincipal ionic* susceptibilities of Fe‘^+ are 
made and compared with the experimental data on anisotropy and mean suse(*p- 
tibility for the salt Fe(KS()4)2, OH,/) (Table T) which is isomorphoiis to tiu* 
ammonium double salt previously investigated. It is assum(*d here as in tiu* 
previous (;ase that the ligand field has a small t(*tragonal eompommt siijierposed 
on the prerlomiriant cubic part. 

As no paramagnetic, resonance data for Fe*^^ Tutton salts is availabh*, we 
(compare the 7— values of Fe^KSO^lg. OH2O with those of Tinkhanrs (1955) on 
FeF.2 diluted with ZnF , Since the (Tystalline fields in Fel^ is truely orthor- 
hombic the (/-values are somewhat different in inagnitmh' from that in Tutton 
salts hut the order of magnitudes are ctomparable within tlie limits of approxi- 
mations involved. 

In the case of Fe(NH4S04)2, OH^O, the tetragonal field coefficient A increases 
with temperature from a value of 279 cm"i at 2()°K to 650”i cm, at 30()”K. In 
the case of F(^(KS04)2, ^ (jhanges from 240“-i cm at 90°K to 640 cm*^ at 

300 K. Thus we see that the order of the anisotropic field and also their variations 
with temperature are almost the same in the two cases. The increase in A with 
temperature is due to thennal expansion or relaxation effects in the salts. In 
the case of Fe(NH4S04)2, BHgO the spin — orbit coupling coefficient has been de- 
creased by 20 % from its free ion value of ---103cm~i (Owen 1955, Bose et. al, 

*Lecturer, St. Xavier s College, Calcutta and Honorary Kosearch Scholar, Indian 
Association for the Cultivation of Science. 
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1961). In the (iaso of Fe(KS 04 )o, OH^O we find the spin orbit coupling = — 
—80 cm”^, — —83 cin^^ instead of free ion value of —103 eni'"^. This indi- 

cates again almost the saane overlap between the 3d and cs- and 0^” 
charge clouds, except that the overlap here has been taken as anisotropic. 

The details of the work will be published shortly elsewliere. 

TABLE I 


Fe(KS 04 ) 2 , SHgO. 



hi ^ 0 . 95 , 


0.80 



kj. = - 80 , 


-88cm-i 


Temp. 


p2 

p r -px 

f/— values 

300 

640 

28.57 
(28.. 58) 

10.31 

(10.34) 


220 

410 

28.13 

(28.08) 

12.87 

(12.70) 

•• 

90 

240 

26.00 

(26.27) 

22.10 

(22.01) 

f/-=8.48 

'8.97i:.02) 

(C/ 


The valu(‘s in tlu' parenthesis in the 3rd and 4th column indic^ate the experi- 
mental results of Bose (1948). Tlie (/-values within parenthesis in the 5th column 
arc‘ Tiukham's (1955). 


A V K N O W L K D G M K N T 

The author is grateful to Prof, A. Bose, D.Sc., F.N.I, for suggesting the probiiuii 
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RAMAN SPECTRA OF BENZENE AND CARBON- 
DISULPHIDE AT -209°C 

S. C. SIRKAR, D. K. MUKH^EE and P. K. BI8HUI 

,«• 

Indian Association for thk Cultivation of S( iknck, 

OALCtTTlk-32. 

(Received, Ma^ 5, 1964) 

Plate Vl 

ABSTRACT. The Raman siieetra of cryltHls of benzene and (’arI>on-disulphido at 
— 209°C have been investigated using liquid nitrogen boiling under reduced pressure as ilie 
refrigerant. At *-209''0 benzene gives five low frequency lines at (>2, 82, 91, lOd and 134 cm"^ 
respectively. It has been pointed out that the heat capacities calculated for tlie crystal below 
TO'^K upto 4''K, agree w'cll with observed values by choosing three frequencies 64cm”^, 
100(jm'”« and 134 cm“i for three Einstein functions and taking into account a Debye 
function as pointed out earlier. 

From a study of the stnicture of crystals of benzene at - 3°C it has been concluded that 
duo to attmction between the cr -electron of any ring and the hydrogen atom of the neigh- 
bouring molecule the planes of every pair of adjacent molecules in ih(» (010) plane are almost 
perpendicular to each other and they are inclined to the b-axis. The low-frequt^iu^y Raman 
lines have been attributed to the angular oscillations of such individual molecules attached 
to each other through hydrogen bonding. 

In the. case of carbondisulphide also, the two lines at 73 cm“i and 81 em“i have been 
assigned to angular (wcillatious in molecules forming polymeric cliains in the crystal through 
S. , , ,8 bonding parallel to one of the diagonals of the (001) plane of the tetragonal unit cell. 

INTRODUCTION 

The Raman spectrum of single crystal of be^nzene was first studied by Oross 
and Vuks (1935) and two new lines at 63 and 108 cm were observed by them. 
The lincis were attributed to lattice oscillaticms. One of the present authors 
(Sirkar, 1936) observed three new lines at 81, 98 and 124 cin-i respectively in the 
Raman spectrum of frozen benzene at —180*^0. He concluded that 'the new 
lines shift away from the Rayleigh line and a new line appears when the crystals 
at a temperature just below the freezing point are c(K>led to - 180"T/. He suggested 
that probably these lines were due to oscillations in groups of molecules formed 
by intermolecular association in the solid state. Sirkar and Gupta (1938) pointed 
out that the heat capacities of crystalline benzene at low temperatures observed 
by previous \vorkcr8 could be explained assuming a Deby^e function with 0 
equal to 121. 6^K and taking into account the three Einstein functions correspond- 
ing to the three Raman shifts 81. 98 and 124 cm ^ respectively. ^ 
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The Kaman spcctruiu of single crystal of benzene at a temperature just below 
the freezing point of the liquid was next investigated by Kastlor and Fruhling 
(1944). They observed four new lines at 35, 55, 65 and 100 cm“^ respectively 
in place of the two lines reported by Gross and Vuks (1935). Rousset (1944) 
calculated the heat capacities of the crystal at low temperatures assuming the 
line 35 to be due to free rotation of the molecule about an axis perpendicular 
to the plane of the molecule and taking Einstein functions corresponding to the 
other three frequencies and also a Debye function with O' equal to 1150°A". 

TJ)e Raman spectrum of a polycrystalline mass of benzene at —180^0 was 
rc-investigated by Sirkar and Ray (1950) and they observed five new linos at 47, 
53, 78, 95 and 134 cm*-^ respectively. Assuming these lines to be due to two mole- 
cules associated to each other and the line 95 cm“^ to be a doublet, tJiey calculated 
the heat capacities of the crystal upto 4''K taking Einstein functions correspond- 
ing to three Raman shifts 58, 90 and 135 cm-^ respectively anrl a Debye 
function with equal to 121. 5°K. Tliey observed that although the calculated 
values of were slightly less than the observed valuers of reportofl by 
Ahlborg et al. (1937) in the ranges from 4 "’K upto 10°K and also above 50°K, 
the calculated values were larger than the observed values for temperatures from 
20 upto 40 They suggested that the lowest frequency corresponding to 
the lino 53 cm*"^ observed for the crystal at —180^^0 might shift to 64 cni"^ at 
temperatures below 40''K and in that case the heat capacities calculated on 
the above assumptions would agree satisfactorily with the observed values. 

The study of the Raman spectra of many other organic compounds in the solid 
state at different temperatures below their freezing points has shown that the 
new lines in the low frequency region undergo changes in their positions and 
intensities with lowering of temperature of the crystals upto about —ISOT. 

The changes ob?«erved in the spectrum of crystals of para-dichlorobenzeno 
by Ray (1951) with changes in temperature upto —ISO'^C indicate that some 
irreversible change in the spectrum takes place with lowx^ring of temperature of 
the crystals upto — 18(>®C. It was not known, however, how the spectra would 
change with the lowering of temperature below —180*^0. An attempt was there- 
fore, made to make an arrangement for studying the Raman spectra of frozen 
organic compounds at about 64°K and the results obtained in the case of benzene 
and carbon disulphide are discussed in the present paper. 

EXPERIMENTAL 

The refrigerant used for loM^ering the temperature upto 64®K was liquid 
nitrogen boiling under reduced pressure. The liquid nitrogen was supplied by 
Indian Oxygon Ltd. The arrangement for photographing the Raman spectra at 
64 K is shown in Fig, 1 in which the sources of light used for illuminating the subs- 
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tance have been omitted. The mouth of tht^ transparent Pyrex glass Dewar 



vessel Di is elosed with a cork which is sealed with soft sealing wax. The vertical 
limb of the lient Pyrex glass tube provided with the stop cocks Kj, and enters 
into the vessel D^ through the <H>rk upto a certain depth and the other end is con- 
nected to a high vacuum pump. The tulio containing the sample is suspended 
inside the vessel so that its lower part rests in front of the window W. The open 
end of a wide and short glass tube with one of its ends closed 'with a glass plate 
is placed on the window and sealed with sealing wax. The tube thus closed at 
both ends is evacuated through a side tube connected to it so that no moisture 
can be deposited on the window when the Dewar vessel Dj is filled with liquid 
nitn)gen. A tiurd tube with its two ends bent as shown in the figure connects the 
Pyrex glass Dewar vessel D^ vith the metallic Dewar vessel Dg. This tube is 
jirovided with a large stop cock K 3 near its middle and the portions of the tube 
on both sides t)f Kg are double -Mailed, the regions between the two v’alls being 
evacuated. One of the short vertical limbs of the bent tube is connected through 
a rubber tube to a long narrow Pyrex tube which dips into liquid nitrogen contained 
in Dg. The other end enters into D^ through the cork. At first the stop cocks 
Kg and Kg were closed and the vessel Dj was evacuated. On opening Kg liquid 
nitrogen was drawn into Dj till the surface of the liquid r<3se upto a height below 
the lower ends of the two tubes which enter into D^ through the cork. The stop 
cork Kg was then closed and after some time the temperature measured with a 
copper- constantan couple w^as found to be almost constant. The constants of 
the thermocouple were determined by using the melting point of toluene, the 
boiling point of liquid oxygen and the boiling point of liquid nitrogen at atmos- 
pheric pressure as standard temperatures. When the crystals C' formed inside 
the container attained this steady temperature the container was illuminated 
by light from two vertical mercury arcs which were focussed on the container 
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with the help of two wide glass tubes filled with distilled water. A fuess glass 
spcH^trograph giving a dispersion of about J2A/min in the 4047A region was used 
to photograph the spcudra. The exposure required varied from two to two and 
a half hours. When liquid nitrogen in Dj^ was replenished the slit of the spectro- 
graph was k('pt closed and it was opened again when the pressure in was 
sufficiently reduced by the pump. The lowest tempt^ature attained was found 
to be — 2(HT(>. TJie Raman spectra f)f benzene and carbon disulphide at this 
temperature^ were photograi)lied using the arrangement mentioned above. The 
sp(‘ctra of the compounds at were also pliotographed using the same 

spectrograpli in order to compare the results with those for the substances at 
-~209°C. 


TABLE I 

Rajuan spectra of CfiHg and CSj,; Av in cm'^ 


OoH„ at - 180“C! 

at -209’(! 0! 

at -183‘’(^ 

CSs at ~209"C 

Sirkar and 

I'rcscnt. 

Present 

Present 

Roy (1950) 

authors 

authors 

authors 

47 (I) 




53 (2) 

«2 (3) 

70 (15) 

73 (10) 

78 (5) 

82 (5) 

81 (3) 

81 (2) 

95 (lb) 

91 (1) 

100 (1) 



134 (3) 

134 (3) 



603 (1) 

605 (1) 

650 («) 

804 (2) 

658 (4) 

805 (1) 

855(2) 

858 (2) 

989 (JO) 

992 (10) 



1J74 (4) 

1176 (4) 



]581 (3) 

1584 (2) 



1602 (2) 

1605 (2) 



3042 (2) 

3046 (4) 



3046 (2) 

3063 (5) 

3063 (4) 




RESULTS AND DISCUSSION 

The spectrograms for benzene and carbon disulphide are reproduced in Figs. 
,2, 3 and 4, Plate, VI. The Raman shifts are given in Table I, 

A comparison of the frequency shifts of benzene observed for the crystal 
at -180°C and -209“C shows that a significant change takes place in the positions 
of the lines in the low frequency region with the lowering of temperature from 
!— 180°C to ~209°C. The lines 47 and 63 cm-i are replaced by a single line 
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Fig. 2. Bcn/encat-209'C. 

Fig. 3. Carbondisulphidcat-180 ('. 
Fig. 4. « al-209C. 
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62 and also the lino 95 cm*”^ splits up into two lines at 91 cm“^ and 100 cm“^ 
respectively with the lowering of temperature. Thus tlic predictions made by 
Sirkar and Ray (1950) that at temperatmjes below 40''K the lowest frequency of 
vibration might increase to 64 cm“^ and lihe line 95 cm“^ might split up into two 
lines are proved to bo correct by thc‘ Results. The results also support the 
conclusion that Einstein functions correaiponding to three of the low frequency 
lines together with a suitable Debye mi^ction explain the heat capacities of 
the crystals of benzene from VO^^K upt<| about 4''K quite satisfactorily. 

In order to understand how three nq^ modes of vibration of the molecule 
with such low frequencies arise in the crystiil it is necessary to take into considera- 
tion the orientation of the molecules in the lattice given by Cox and Smith (1954) 
in the case of the crystal at — 3®C. The photograph of a model of the upper 
lialf of the unit (K‘11 made in accordance Avith the structure reported by them is 
shown in Fig. 5. The normal to the molecule at each corner of the ortho- 



Fig. 6 


rhombic unit cell is inclined at 48^ to c-axis and at 77° to fc-axis. Tlie latter axis 
is vertical in Fig. 6. The other three molecules in the unit cell are derived by 
the two-fold screw axes paralld to ft-axis at distance a/4 in the (001) plane and 

ai 80 8imilM'axesinthe(Oie)and(100)faoeAp«iraUel-to^-axi8*t a distance c/4 
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and to 6-axis at a distance c/4 respectively. The cell is a pseudo-face-centred 
one, the molecules at the centre of faces being turned with ros^ioct to those at 
the corners of the unit cell. It can be seen from the model that the planes of 
all the molecules arc only slightly inclined to the 6-axis, the ctngle of inclination 
being 13'^, but no two adjacent molecules in the (010) plane are parallel to each 
other. In fact, every molecule in this plane is surrounded by its four nearest 
neighbours oriented in such a way that the angle between the normal to the 
plane of tlie molecule and that to any of its four neighbours is either about 82° 
or about 92". The density of the crystal at — -3^0 is about 1.08 g/cc. 

It is a significant fact that the adjacent molecules in the (010) plane are not 
parallel to each other and also they are not parallel to 6-axis so as to form a tetra- 
gonal lattice. The orientation shown in Fig. 5 indicates an attraction bt^tween 
the hyflrogen atom of a molecule at the corner of the unit cell and the nearest 
carbon atom of the molecule at the centre of the (010) face. Probably the 
TT-elcctrons of the carbon atoms are responsible for such an attraction. The small 
tilt about a diagonal of the (010) face diminishes the distance between the two 
such atoms lying below the (010) face on one side of the centre of the face and that 
between two such atoms lying above the (010) plane on the other side. The 
shortest distance between the centres of the hydrogen atom and the carbon atom 
mentioned above is about 2.72A. It appears that whenever two benzene mole- 
cu](\s try to approach each other their planes become almost mutually peTpondicular 
to each other due to the attraction between the hydrogen atom of one of the 
inok^cules and a carbon atom of the other molecule. If this process is repeated in 
two almost mutually perpendicular directions a sheet of molecules form the 
(010) plane. It is evident from the structure that when the other such sheets 
parallel to (010) plane are arranged one above the other the shortest di8tan(;es 
between the carbon atoms in the upper half of the molecule at the (centre of the 
(010) face and the hydrogen atoms of the neighbouring molecules at the centres 
of the other two faces and at the corner of the unit cell are the same and have a 
value about 2.72A. Similar distances occur also in the case of the lower half of 
the molecule at the centre of the (010) face. 

Since there is a centre of symmetry at the centre of each molecule any trans- 
lational oscillation of the molecules against each other is forbidden in Raman 
effect. The four lines at 36, 65, 65 and 100 cm""^ observed by Kastler and Pruhling 
(1944) are therefore due to angular oscillations of the molecule. The first line 
may be due to such an oscillation about an axis perpendicular to the plane of 
the molecule. This axis almost coincides with a diagonal of the (010) face of the 
unit cell. The lines 55 and 66 cm”^ are probably due to angular oscillation of 
the molecule about the other diagonal of the (010) face, the splitting arising from 
the slight difference between the molecule at the corner of the unit cell and that at 
the centre of the (010) face introduced by the deviation of the unit cell from the 
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tetragonal form and by the inclinations citf the molocido to the i-axis. The line 
100 cni"-^ may be due to an oscillation about the 6-axis of the crystal. 

The crystal structure of benzene at — *180®C or at still lower temperatures is 
not known. The lines 62, 82, 91, 100 and 134 cni-^ given by the crystal at 
— 209°C are also due to such oscillations. !t appears that frequencies of these 
oscillations increase and some of them a.rc split up into two frequencies at 
the lower temperature. The angles between the normal to the molecule and the 
c-axis and 6-axi8 may be greater than US® and less than 77° respectively at 
— 209'’C. In that case the primitive translation, along c-axis may be much less 
than 7.()5A found for the crystal at — 3°0. The contraction of the lattice at 
the low temperature is expected to make the shortest C...H distam^e less than 
2.72A, and therefore, the strength of the C...H bond is expected to increase 
at the low(^r temperature. The increase in the tilt of the molecule about 
the horizontal axis may increase the difference in the environment of the mol(»- 
cule at the (‘orner of the unit cell and that of the molecule at the centre of the 
(019) face and thus there may be at most six frequencies of angular oscillation. 
!f two of them be very near to each other only five frequencies can be observed 
and the five Raman lines given in Table I for the crystal at — 180°C or -~209°0 
can 1 h‘ accoenkid for on these assumptions. 

It may be pointed out here that Bhagavantain (1941) and independently 
Kastler and Kousset (1941) proposed that the low frequency lines in the Raman 
8pe(;tra of naphthalene and benztme might bo duo to angular oscillations of the 
molecules, pivoted in the lattice, about their three axes. The above discussions 
show that fonnation of weak intermolecular linkage is responsible for the restoring 
forces required for such oscillations in the crystals of benzene, as pointed out by 
Sirkar (1951). Table I shows that the frequencies of some of the other modes of 
oscillation of the benzene molecule also tend to increase at lower temperatures. 
The frequency shift 858 cm"“^ diminishes to 849 cni'"^ when the crystals are 
melted. As this line is due to a mode involving bending of the C-H bond in a 
plane perpendicular to the plane of the ring the increase in the frequency at low 
temperatures indicates formation of hydrogen bond. The slight increase in the 
frequencies of some of the modes of vibration of the ring may be due to slight 
increase in the strength of the C-C bond at lower temperatures. 

The density of benzene at 20®C is about 0.879 g/cc and that of the crystal 
at — 3°C is 1.08 g/cc. So, the volume increases by about 22% when the crystals 
are melted and brought to a temperature of 20®C, and therefore, each of the 
diagonals of the (010) plane of length 10.26A is represented by a distance 10.97A 
in the liquid. If the arrangement of the molecules in the crystal is assumed to 
persist to some extent in the liquid the molecules will generally be free to rotate 
about an axis perpendicular to the plane of the ring, but it may be possible for 
some adjacent molecules to be still linked tk> each other through C...H bonding 
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ON RUMER’S INVARIANT THEORY OF 
GRAVITATIONAL WAVES 
K. D. KRORI 

Dei'ahtment or Physics, Cotton Collkoe, Gahhati (Assam) 

{Rcreived. July 7, 1963 ; Resubmitted, April 22, 1964) 

ABSTRACT. Propagation of gravitational potontial and gravitational field-strength 
has been considered here on the basis of Kumer's Invariant Theory of Gravitational Waves. 
Finally some special cases of weak field have been discmssed. 

INTRODUCTION 

Rumer (1962) has constructed a theory of gravitation by breaking up the 
fourth-rank Riemann tensor into a sum of two 10-component tensors 

which have the symmetry of Riemann tensor (anti- 
symmetrical in ft and v as well as in a and /?) : 


^liVaP — ^ lit’aP ••• ( 1 ) 

is called the matter-tensor and the gravitational field-strength 

tensor. The expression for can be witten as 

- ^ (9M^9»“~ff^*‘g/)F ... ( 2 ) 

where T,,® is the source-tensor. The field equations can be expressed as 

i [(T,%-{T,%]~ > {g,»T, ,-g«,T„) ... (3) 

which consists of 20 independent equations. [( )g indicates covariant differen- 
tiation.] 

The purpose of this paper is to <li8cu88 the propagation of the gravitational 
potential (defined below) and of the gravitational field-strength Fnp^g on 
the basis of Rumer’s theory 

PROPAGATION OF GRAVITATIONAL 
POTENTIAL 

Considering the anti-symmetry of F^,„g in a and /?, it can be written as 

... (4) 
190 
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Again, because of anti-symmetry in ji and v, be expressed as 

so that 

~ ••• (6) 

We consider that is a traceless symmetric tensor of rank 2, obeying the 
divergence condition : 

... (6) 

Now, from (2) and (5), we have t 

or (Eddington 1957) 

... («) 

remembering the properties attributed to in ((>), (8) gives the propagation 

of gravitational potential in matter. 

PKOPAGATION OR GKAVITATIONAL 
F 1 E L D-S T K E N G T H Ff^vafi 

Prom (3), we have, by covariant differentiation, 
i {^an)pd] i ISctv T- fis y ^ 9^^ ^iTtivap)y6 

= g'^^(F piuad)py+9'^^(T npfifi)ay'^9'^^{^^iiydl' f^o^+J?^o7)P fif^^+R^yi^F 

— ‘®^i'ft6V^Mei8+-R*/iai8V^£i'fi+^*^fi«^^Mi'€+-®%«/5^A^/*c6)7} ••• (®) 

Also, we have 

\[{^6p)fia'^('^dM')va]'~^ i [9f)pl^y fi(t~~9an'^^ Pa\ === 9'^^{T iiv^fi)ya 

= 9^^{{T np^li)ay+F ^ fiyal^ +-R'/i7o-^ ^yj/j+iJ'jOYa-f’ (10) 

Subtracting (10) from (9) 

{i — (^qm)/'^] — or 9vlfl^i i*^]} 1 i^fi/t)pa] l9dpl^i /la 

(»'«e) (-^ litaF v'ia^ SyaFiivefi 




( 11 ) 
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writing iifa5)ffy^ 

(11) gives the propagation of field-strength ip matter. 

WKAK KIR LB APPROXIMATIONS: 

SOME SPECIAL CASES 

If WO oonsidor the field to be weak, then wo may write (8) in the following 
form : 

freplaoiag by S‘'^) 

□ <f>^a - + ... (12) 

Considering a thin diatriinition of matter or free space. (12) takes the simple 
form : 

... (13) 

This shows that gravitational potential travels with fundamental vehxdty through 
a v(Ty thin distriliution of matter or fret^ space. 

Under the weak fi(‘ld (condition, (11) comes to (replacing (‘ovariant differ- 
entiation by ordinary differentiation) 

{ i .5]- -Jr ..5]} 

-{ I [T6v, ]- J 1^5, T, pj) 

— □ ^tLvaiy\ + + 

nya^ein'ip \- M rya^ ft bya^m'tft V ) "b (^If ixft^V et'a 

"f* ^ aft(^y^/u.ve~i ^ vpyj^ nad^ evft Pa5^/^i.ive rerS fit ft 

H + } ... (14) 

Further situ plifi (nation can be made by considering va(^uiim. Tn that case, we 
get from (14) 

□ F^paft-0 ... (16) 

This means that gravitational field strength also travels with fundamental 
velocity in vacuum. 

PLAISTE GRAVITATIONAL WAVE; ANOTHER 
8 P E 0 1 A L C A 8 E 

Following the idea of Weber (1961), we now consider the case of propaga- 
tion of plane gravitational wave. Tn such a case the field changes only along 
one direction in space; we choose for this direction the axis Now we have 
from (5) 

It is evident for the case under consideration that the derivatives of and 
with respect to and x^ vanish. 
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The 21 components of may be written down as follows from( 5) : 


(16) 


-^2424 

^ 022 ’44 


-^1224 

022’U 

^1212 


022*11 

■^2434 

~ 023’44 


^1234 

^ ““023’U 

*^1213 

=::r 

023*11 

■^3434 

033 ’44 


LI 

^ 1324 

= -023’ iU 

^’l313 

:r^ 

033*11 




^1334 

—033*111 







-^1223 

- 0 

■^2323 

== 

0 




-^1323 

=: 0 ' 

•^2324 


0 




^1423 

-- 9 

^2334 


0 

^1434 

“ 013 ’44 " 


34*14 

^!424 ^ 

012’44‘ 

-0 

24*14 

J^\.u 

~ 034’U 


13*14 

^121 1 

024*11- 

0 

12*14 


In 

vacuum, 


), (J7) and (18) : 


' -^1424 

V-: 0 

I'zA 

^ -^1214 = 

= 0 


- i^H14 - 

TP 

^ 1313 


““ ^ 2424“ 

■^1212 


-^3434 ' 

^1313 


(17) 


^ ... (18) 

.^1414 — j 

0. So, 8in(*(* we are conHidering weak field, wo liave from 

I -^13 — -^1434 ^ 

1 ^34 ~ '^\314 — 

^14 “ -^1 '224 + ^1334 ••• (19) 

I ^23 ” -^2434 ^1213 ~ ^ 

i ^44 ~ -^3434 "1“ -^2424 H~ -^1414 


“^1212 9 


0 

-- {) 


oj 


It is easily seen from (19) that ^i 424 ' ^1214 ^uu 

zero. Then the components of that remain are the ten components of (16) 

wliieh are expresscxl in terms of only three potential components ?^ 33 * 

It is evident from (16), (18) and (19) that 

022’ l4't"033»44 ^ ^ 

or (on integration), (20) 

9^22 + ?^33 

Here we have put the integration constants equal to zero since we are inter- 
ested in the varying part of the field. Thus, a plane gravitational wave is 
determined by only two quantities and ^02 “^^33 transverse since it is 

determined by the potential tensor in .Cg— plane only (Landau and Lifshitz, 
1962). 
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ABSTRACT. Dielectric* measurements have been ciairiod out on para-octyl, -nonyl 
and -dodocyl phenols in solution in benzene at 3.22 cm. and at a radio frequency of 1 mc/sec. 
From the measurements at 3.22 cm. using a single frequency method, the relaxation time 
and the dipole moment liave bcMui determined for these molecules and from the radio frequency 
measurements, dipole moments have been deduced for the same molecules. The results ore 
reported and discussed. 


INTRODUCTION 

A prograniine of work on quantitative dotonninations of dielectric absorp- 
tion, in particular, at microwave frequencies, of some molecules has been under- 
taken in this la))oratory witli a view to studying dielectric dispersion in those 
molecules and testing the existing theories of electric polarization and molecular 
structure from such studies. As a first step in this programme, a study of dielec- 
tric absorption in some alkyl phenols has been taken up, since for these mole- 
cules no studies of dielectric! absorption particularly at microwave frequencies 
seem to have been carried out so far, as far as the authors are aware. The pre- 
sent investigation reports the results of dielectric measurements in solution in 
benzene at 3.22 cm and at a radio frequency of 1 rac/sec. carried out under this 
programme, on three higher alkyl phenols, namely, para-octyl, -nonyl and -dodecyl 
plienols, and the values of relaxation times and dipole moments determined for 
these molecules. 


METHOD 

Dielectric measnrermnia ai 3 cm. 

In the wave-guide standing wave method (Roberts and Von Hippel, 1946; 
Dakin and Works, 1947; Surber Jr. and Crouch Jr, 1948; Heston Jr, and 
others, 1950) the inverse voltage standing wave ratio (VSWR) 
exhibits (Von Hippel, 1954) maxima for sample lengths of odd multiples of 
Ai/4 with short circuit termination, being the guide wavelength in the dielec- 
tric filled section of the guide and for low loss media such as dilute solutions of a 
polar substance in a non-polar solvent, the magnitudes of these maxima increase 
with the number of the odd multiple. This makes the other losses small compared 

194 
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to the dielectric loss of the sample, and therefore it is possible to determine the 
dielectric loss more accurately. As the rate of shift of the first minimum point 
in air with sample length is maximum in this region, it will be fairly easy to locate 
the positions of these maxima rather precisely^ Another advantage of taking 
measurements on odd multiples of sample lengths is that computations of e' 
and e'', the dielectric constant and loss factor r^pectively, become much simpli- 
fied. ] 

The real part of the dielectric constant, e' is given by the equation 



where 

=: attenuation resulting from dielectric power loss. 

Ag ~ cut-off wave-length, 
and Aq = free space wave-length. 

For low-loss miMlia, such as dilute solutions of a polar substance in a non-polar 
solvent, this e(j[uation reduces to 



An' experimental detennination of A^, together with a knowdedge of A^ and Ag 
wiU yield e' from the above equation for low-loss media. 

The loss factor, e" is given by the relation 

... ( 3 ) 

The inverse VSWR, at the ?i-th maximum produced by a short circuited Ioav- 
loss dielectric filled section, may be expressed as 

whore oc^ = attenuation resulting from power loss in the walls of the dielectric 
section of the wave-guide, 

R„ — the per unit resistance of the terminating plunger referred to the 
air-filled guide, 

A, = guide wave-length in the air-filled section 
and » = an odd int^er. 

may be determined either from calculated power loss or from the characteristic 
impedance of the metal. Using this value of Bt, and experimentally determined 
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value of and the equation given above, the total attenuation (a^+a^) can be 
deteriniiu'd. From this and a preliminary determination of can be obtained 
which w]u*n substituted into eciuation (:i) will yield (■". However, in the present 
work, the total attenuation (oc,f \ otr) is obtained from the slope of the plot of 
versus ')i\ as this procedun^ eliminates the resistance of the plunger, 

Determination of relajcation time and dipole moment 

A single frequency method for solutions due to Gopalkrishna (1957) has 
been used for the determination of the relaxation time ‘t* and the dipole 
moment 'p\ In this method, lor determining ‘r, a j)lot is made between 

e-2_2 


and 


3f:" 


the slope of which yields 6> being the angular frecpiency. For the determi- 
nation of a grax)h between x and W, the weigJit fraction, is plotted, the slope 
of which would be equal to 


_ 1 , 
wrm * ‘^0 


where N is the Avagadro’s number 
k — the Boltzman (constant 
T = absolute temperatun^ 

3f ~ Molecular weight of the solute 
and df^ = density of the solvent. 

Determination of '/i from Radio Frequency Measurements, 

Guggenheim's mexiified method (Guggenheim, 1949; 1951) is used for the 
determination of the dipole moment. In this method 

/< 0.9128V?o^ 


where 



d. 


A 


A 



''^2 ' Wt -^0 


( 


^2 ' Wy-*0 


where 
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= dielectric constant of the solvent 
ei 2 — dielectric; constant of the solution 
= Molecular weight of the solute^ 
dj = density of the solvent / 

= weight fraction of the solute ! 
n ,2 = refractive index of the solution t 
n, — refractive index of the solvent. ; 

A is detemiined from the; difference of the int^cepts of tlu‘ })I()ts | j and 

"■) : 

E X P E H I M E N T A 1. 

3 cm,f(juipm.ent : A block diagram of the experimental set-up for dielectric 
measurements at tiem. is shown in Fig. (I). All the components in the unit 
except the iil'-plane 90^ bend, liquid absorption (;oll and galvanometer, are of 



Fig. 1. Block diagram of the 3 mi. set-up 


Scanner Ltd., London. i7-plaiie 90° bend was fabricuited by us and was found 
to have an inverse VSWR of 0,96 at 9295 mc/sec., the frequency at whicli the 
measurements were carried out. The dielectric absorption (‘ell, also fabricated 
by us, consisted of a standard 1 " x 1/2" O.D. x 0.050" wall, rectangular brass wave- 
guide of length 6" silvered inside and was provided with a non-contact shorting 
plunger driven by a micrometer screw of traverse 4" and (»f least count (1/2000)'". 
The galvanometer used was a low^ period one with a resistance of 450 ohms and had 
a sensitivity 2,000 m. per microampere at 2 meters scale distance. The ac<;uracy 
of the probe displacement along the skitted line of the standing wave indicator 
used was 0.002 cm. 

The unit was operated in the mode. To provide adequate decoupling 
of the klystron, attenuator was set at a value greater than lOdb. The standing 
3 
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wave-indicator crystal was calibrated and found to obey the square law. A 
matching unit was used in between the slotted section and the coll to match out 
any possible reflections from the bend and the mica window and it was adjusted 
for the standing wave ratio to be very nearly equal to unity ith a diunmy load. 

Radio frequency set-up : This set-up consisted of a Franklin oscillator (Le 
Fevre and others, 1950) oscillating at 1 mc/sec., which was coupled to a 
crystal controlled wave meter. The oscillatory circuit of the former included 
a diele(;tric cell and a precision condenser of Muirhead Co., England, with a total 
capacity of 250 pf and witli a precision of 0.025 pf, all arranged in parallel. 
Grid tuned circuit of the wavemeter consisted of a stable 500 pf, variable con- 
denser and a one-megacyle quartz crystal, all connected in parallel. The operation 
of the set-up was as described in the literature. 

The experimental cell used is similar to that designed by Sayc^e and Briscjoe 
(1925) and modified by Sugden (1933) and is described in the literature. The 
cell was silvered using the method recommended by Sugden. The deposition 
was found to bo satisfactory only when the two solutions used in the silvering 
process were cooled to a temperature of about lO^C or lower, mixed and then 
transferred to the cell, instead of mixing and transferring them at the room 
temperature 27°C±1^C. The capacity of the cell was 52.56 pf. 

Measurements, The three phenols p-octyl, -nonyl and -dodecyl were supplied 
by Rohm and Hass Co., U.S.A. They were distilled twice at low pressure (p-octyl 
phenol 146-47®C/8 mm. Hg; jp-nonylphenol—165 --*67'^C/4 mm.Hg, and p-dodecyl- 
penol -186-87°C/4 mm.Hg) and rejecting the initial fractions, the fractions tliat 
distilled at the temperatures given above were collected, ^^-octyl phenol w as 
a wliite flaked solid and the other two phenols were clear liquids. Analar ben- 
zene was used as the solvent. Before use it was dried over sodium wire and dis- 
tilled under anhydrous conditions. Five to six solutions of each of the phenols 
after double distillation were prepared in conical flasks of 50 c.c. with ground glass 
stoppers and were studied immediately. 

At i cm : The dielectric constant and the loss of the solvent benzene were 
measured at a frepuency of 9295 mc/sec. (Aq == 3.22 cm) and at the room tempera- 
ture 27®CiPC. They were respectively 2.270 and <0.001. For each solution 
six to seven successive maxima of inverse VSWR at the frequency and at the 
temperature mentioned just above, were located and measured. The maximum 
VSWR occurs for an electrical length very close to an exact resonant length. 
This would be the case for an electrically long low loss sample. Therefore, although 
six to seven maxima of VSWR were measured, was actually determined 
from the measurements on the higher resonant lengths only, namely, the 16th, 
13th and 11th. From each of these higher resonant lengths Atj/4 was determined 
and from these a mean value for was obtained. This procedure adopted in 
evaluating A^ enables changes of the order of 0.002 cm. in (this amounted to 
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a change of 0.004 in tho value of e') to be detennined. Using this average value 
of Xg, e' was determined from equation (2) given earlier. As for e" it can 
be soon from equation (4) the graph between ‘p^’ and n (odd integer) is a straight- 
line whose slope will yield (a^+a^.) and whose ijjntercept on the p„ axis will give 
the plunger resistance. Such plots are shown i^ fig. 2 for the different solutions 



Fig. 2. Plots of Pn (inverse voltage standing wave ratio) versus n (odd integer) 
for different weight fractions of dodecyl phenol. 

of dodocyl phenol, was found to be very small. Therefore, in the actual 
determination of using equation (3) total attenuation was used instead of 
and this did not introduce any significant error. 

At Radio frequency: Dielectric constant of benzene and that for the various 
solutions 612 was determined using the radio frequency set-up already described 
by finding the capacity of the cell with and without the substance. The dielec- 
tric constant of benzene at 27°Cztl^Cl was 2.264. Refractive indices for the 
various solutions and for the solvent benzene were determined for the sodium 
D lines using a Pulfrich refractometer. The refractive index of benzene at 
27®C±1®C was measured to be 1.49412. 
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results 

The ft' and ft" values dett'muned at 3 (im. for the different solutions of each 
of the three phenols are given in tables. I, IF and III. In these tables, the first 
column gives the weight fraction of the solute the seicond e' and the third e* while 
in the fourth and the fifth eoluinns are given values of x and y needed in the deter- 
minations of 'r' ami V' • "I’he values of e' are estimated to be accurate to within 
0.5% and thow- of c" to within 2%. Fron) these ft' and ft" values, t and /t were 
determined for the three phenols as indi(iatetl earlier and are given in 
tabhi IV". The <lenHity of the solv<'nt. benzene was taken to be 0’87901 
gm/c.c. 


TABLE I 
^-Octyl phenol 


w 

e' 

b" 

X 

y 

0.02298 , 

2.280 

0.01345 

0.3002 

0.002197 

0.03897 

2.297 

0.01874 

0.3018 

0.003039 

0.00788 

2.313 

0.02879 

0.3045 

0.004647 

0.00700 

2.320 

0.03599 

0.3057 

0.005786 

0.08855 

1 

2.332 

0.04262 

0.3077 

0.006797 

0.1298 ' 

2.353 

0 . 066 JO 

0.3112 

0.010440 

1 

i 

! 


TABLE II 




j>-Nonyl phenol 



w ! 


c" 

X 

y 

0.009279 

2.286 

0.008245 

0.3002 

0.001347 

0 . 02773 " 

2.301 

0.01408 

0.3022 

0.002279 

0.04444 

2.309 

0.02136 

0.3039 

0.003449 

0.00270 

2.320 

0.02590 

0.3056 

0.004882 

0.08095 

2.320 

0.03683 

0.3056 

0.005928 

0.11400 

2.332 

0.04682 

0.3077 

0.007484 



TABLE III 




p-Dodecyl phenol 


W 

e' 

8^ 

X 

y 

0.01021 

2.282 

0.007457 

0.2994 

0.001220 

0.03969 

2.290 

0.01569 

0.3007 

0.002666 

0.05808 

2.295 

0.02218 

0.3015 

0.003606 

0.09201 

2.304 

0.03167 

0.3030 

0.005112 

0.1142 

2.309 

0.03904 

0.3041 

0.006303 
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TABLE It 




T 

Molecule 

in Debye iinfts 

in sec. 

Octyl phenol 

1.37±0.^ 

U.0i2.0 

p-Nonyl phenol 

1.37±0.lb 

di 

12.4i:2.0 

p. Dodecyl phenol 


18.4i2.0 


Plots of X against y and x against w are fhown for dodecyl phenol in fig. 3 
for tho purpogje of illustration, ^ 



Fig. 3. Plots of X versus y and x versus W the weight fraction. 


Tables \\ VI and VII give the radio frequency values of 
ferent solutions of each of the three phenols together with the value of fi of each 
molecule determined as outlined earlier. 

TABLE V 

j p-Octyl phenol 

Wt, fraction Dielectric const, of Refractive index of 

W'l the solution fia the solution ni 2 


o.ciososo 

2.277 

1.49459 

0.01414 

2.287 

1.49459 

0.02708 

2.306 

1.4948$ 

0.03926 

2.320 

1.49493 

0.OS8O3 

2.34a 

1.49511 

0.08166 

2.380 

M = 1.53i;0.03 D 

1.49535 
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TABLE VI 
p-Nonyl phenol 


VVt. fraction 

Dielectric const, of 

Hefractive index of 

W 2 

the solution cig 

the solution nj 2 

0.01414 

2.283 

1.49445 

0.02516 

2.297 

1.49459 

0.04982 

2.335 

1.49487 

0.06671 

2.354 

1.49501 

0.08971 

2.382 

/i-1.59±0.03D 

TABLE VII 
p-Dodecyl phenol 

1.49516 

Wt. fraction 

Dielectric const. 

Refractive index of 

W 2 

of the solution cia 

the solution nj 2 

0.01504 

2.281 

1.49421 

0.04182 

2.308 

1.49418 

0.05478 

2.323 

1.49459 

0.07394 

2.342 

1.49489 

0.09574 

H=1.58±0.03 2) 

1.49510 


Plots of versus and ^ versus W 2 are given in fig. 4 for dodecyl 

phenol for the sake of illustration. 


n\ 


5 
W, 



Fig, 4. Plots of and - ^ versus IV 2 the weight fraction shown by 

O and A leepeotively. 
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The limits qf accuracy of both the relaxation times and the dipole moments 
of these molecules have been arrived at from the results of several independent 
sets of measurojments on each molecule. 

; 

DISCUSSI Ojjj 

The three molecules studied in this in'vestigation are members of a homo- 
logous series. The dipole moments of these molecules determined in this work 
indicate that they are approximately equal. ; Two values for the dipole moment 
of phenol in beiuiene solution have been reported in the literature; one of them is 
around 1.45D (Bond, and others, 1955; Lulabroso’ and Dumas, 1955; Katagiri, 
1950) and the other around 1.6D (Donle aiild Gehrekens, 1932; Bottcher 1952; 
Smyth, 1955; Kimura and Fujishiro, 195&, and Goode and Ibbitson, 1960). 
The radio frequency values determined by us for these molecules in benzene 
solution are close to one another and to the literature value for phenol, 1,6D. 
We have carried out dielectric measurements at 1 cm. too, on these three 
phenols in benzene solution (unpublished) and have evaluated both t and /t 
for them, using the data at 3 cm., and 1 cm. and using a double frequency 
method of Whiffen and Thompson (1946). These values are in fair agreement 
with those at 3 cm., determined using a single frequency method already 
described. Both the microwave value of /< are rather close to the other 
literature value for phenol in benzene solution, namely, 1.45D. Whatever may 
be the true value of the dipole moment of phenol in benzene solution, that 
is whether it is close to 1.6D or to 1.45D, the fact that the dipole moments of 
these molecules are approximately equal, whether we consider our radio frequency 
values or our microwave values, may indicate that the dipole moments of 
these phenols depend mainly on that of the OH group and little on that of the 
alkyl group. 

There is, however, some divergence between the microwave values of ji and 
the radio frequency values, reported in this investigation. It may bo partly 
accounted for as follows ; The accuracy we have attained in our measurements 
of e' and e" is of the order of magnitude that is normally employed for dielectric 
measurements at 3 cm. Values of e' of a solution determined for different lengths 
of the sohition in the cell have been found to agree to within 0.5% and those of 
the loss factor, e* to vathin 2%. For these molecules which are higher members 
of a series with rather high molecular weights, the variation in e' with concen- 
tration has been found to be so small that, although detectable, it almost lies within 
the limits of error of measurements. That this reason may partly explain the 
discrepancy between the microwave and the radio frequency value of the dipole 
moment seems to be confirmed by our preliminary results on the same isomer of 
the lower phenols of the series, namely p-ethyl, -propyl and -butyl jihenols. , For 
these molecules the variation of e' with concentration has been found to be com- 
paratively larger and the same degree of accuracy in the dielectric measurements 
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at 3 cm., has led to values of fi for these lower phenols in fair agreement with the 
radio frequency values. However, we feel that the divergence between the radio 
frequency and microwave values in these higher phenols are more than could 
be attributed to this factor only. Further it may also be mentioned that similar 
discrepancies between the radio frequency values and those determined at micro^ 
wave frequencies have also been reported in the literature in the case of a few 
other molecules. 

With regard to the relaxation times of these molecules, it has not been possible 
to d(^termine them more acnnirately for reasons mentioned above. But, yet the 
values seem to be of the right order of magnitude. It may be noted tiiat they 
increase from octyl to dodecyl phenol as they should, in ae(*ordance with theory, 
because the relaxation time of a molecule depends upon tlie size of the molecule. 
To test this point further, a study of temperature variation of dielectric absorpi(»n of 
para-dodecyl phenol at 3 cm., has been undertaken and our preliminary results 
indicate that this molecule has a relaxation time in benzene^ solution at room 
temperature, around the value at 3 cm., reported above. Similar studies of 
temperature variation of dielectric absorption on tln^ otluu* two phenols also are 
in progress. 

Investigations of dielectric absorption at microwave frequencies on some 
other phenols are in progress. 
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ABSTRACT.. Coggesliairs method of treatment of oleotrostatic model of hydrogen 
bond as developed in an earlier paper (Kastha and Medhi, 1960) for investigating hydrogen 
bonding in aniline tind substituted anilines in solutions in polar solvents, has been ajiplieci to 
the ('a8(> wliore such liydrogen bridges are formed in very dilute solution between the solute 
molecules of sonui aliphatic alcohols, phenol and substituted phenols and the solvent mole- 
culos of ether, tetrahydrofuran and pyridine. The validity of the method has been discussed 
and it has been concluded that the method may be used to explain qualitatively certain features 
of hydrogen bonding in such cases. 

INTRODUCTION 


Recently, Kastha and Medhi (1963) have applied Coggeshall's method of 
treatment of the electrostatic model of hydrogen bond to the case of hydrogen 
bonding in aniline* and substituted anilines in different environments and have, 
under certain simplifying assumptions, been able to explain qualitatively certain 
experimental results previously obtained by them (Medhi and Kastha, 1963). It 
has been found, on the basis of this model, that in the series of phenyl amines in- 
vestigated, the ratio of the values of the total solvent shifts in the frequencies ot 
symmetric and asymmetric N-H stretching vibrations in the NHjj group in the 
molecule of any of the compounds in solutions in two polar solvents is a constant 
for the pair of solvents and is almost independent of the nature of the compound. 
However, in this case the investigation was limit(Hi to hydrogen bonds involving 
N~H bonds. In order to see whether such a model of hydrogen bond is also 
applicable when the hydrogen bridges are formed in solution between the hydrogen 
atom in the molecule of compounds containing other type of X-H bonds and 
molecules of polar solvents, the investigation has been extended to the case of 
solutions in polar solvents of compounds whose molecules contain hydroxyl 


groups. 
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Application of Coggeslhall’s model to 0—H...X hydrogen bonds 

Following Ooggoshall (1950) and the method of application of his model as 
developed in a previous paper (Kastlia and Medhi, 1963) it is f^asily found that 
the ratio of the values of the solvent shifts (Av) in the frequency of 0~H stretch- 
ing vibration in the molecule of a certain compound due to fonnation of linear 
0-H...X bridge in very dilute solutions of the compound in two polar solvents 
wliose mol(‘cules contain atoms Xj and Xg respectively is given by 

Avi Rh...x, /|v 

Avj ■ 9x. Rfj I ••• W 

where and arc the unbalanced charges on atoms XiandXg respectively and 
Xi X'> denote the distanciss Ix'tween th(^ liydrogen atom 

in the 0~H bond in a molecule of the compound used as the solute and the atoms 
Xi and X 2 of the two polar solvent molecules forming the hydrogen bridgi^s 
0-H...X| and O-H...X 2 n^spectively. It is S(‘en from eciuation (1) that thc^ 
ratio Avji/Av^ should be approximately a constant for a ])articular pair of solvents 
and be ahnost independent of the nature of the (compound <v)ntaining the hydroxyl 
group. This woulfl strictly liold in the case of stnudurally similar compounds 
provided that the distribution of unbalanced charges on the atoms of the* solvent 
molecules taking part in the formation of hydrogen bridges is not affected to a 


TABLE I 


Compound 

A I' tetrahydrofuran 
ether 

^p pyridine 
^p ether 

Isopropyl alcohol 

1.17 

1.99 

Tertiarybutyl alcohol 

1.12 

1.90 

Ethyl alcohol 

l.ll 

1.96 

Methyl alcohol 

1. 10 

2.01 

Propargyl alcohol 

1.08 

1.98 

Phenol 

0.99 

1.70 

p-Cresol 

1.04 

1.77 

m-Cresol 

1.44 

1.73 

p-Chloroph©nol 

1.06 


p-Nitrophenol 

1.06 

• « 

m-Nitrophenol 

1.04 

- 
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significant extent by tiie charges on the atoms of the solute molecules. Moreover, 
if Zj and represent the same atom, ~q^,^ and R 11 ...X 1 have 

from Eqn. (1) Avj/Av^ s; 1 . In order to verify how far such conclusions are true, 
the values of tlie ratio of the solvent shifts (AVi/Avj) in the vibrational frequency 
of the Itydroxyl group in the molecules of confounds, calculated from the results 
reported by Henry (1959) in the case* of verf dilute sohtions of some aliphatic 
alcohols, phenol and substituted phenols in etker, tetrahydrofuran and pyridine, 
are given in Table T ’ 

DISCUSSli)N 

It is seen from Table I that the values of AV 1 /AV 2 for the pair of solvents, tetra- 
hydrofuran and ether (for whieh and both represent atoms of oxygen) 
are almost constant and independent of tlie nature of the solute molecules even 
though the molecules of the two series of solute (compounds of aliphatic alcohols 
and aromatic ])h(uiols are different. Also the values of AvJAvg are almost equal 
to unity in each case. In the case of the two solvents, pyridine and ether the ratio 
of the solvent shifts Av^/Av.j is constant for the series of aliphatic alcohols and for 
the phenols. However, in this case the two values are different. This may he 
due to the differeiu?!^ in tlie nature of the molecules of the two series of compounds. 
It would, therefore, he interesting to compare the values of the ratio AvJAv.^ in 
tlie ease of two structurally similar type of molecules, viz., the plienols and the 
phenyl amines, in solutions in pyridine and in ether. If the geometry of the hy- 
drogen bridges formed in the two cases of substituted benzenes in solutions in 
the same jmir of polar solvents is not much different it is easily seen that 


(Av,/Av,)-;S 

( AVj/Av2)jn^e/io/^» 


{( 




\ phenyl I I 

amines I ^ .X, 


) 

/ phenols 



( 2 ) 


A rough estimate of the value of the above ratio may be obtained from the 
values of the various iiiteratomii; distances involved in the hydrogen bond in the 
case of the phenyl amines and the phenol compounds. Tf the N-H and 0-H 
bond lengths are taken as 1.09 A and 0.96 A respectively, and the values of the 
interatomic distances N-H,..N, N-H...O, 0-H...N and 0~H...0 involved in the 
varioxis hydrogen bridges, as given by Pimeiital {I960), are used we get, for 
phenyl amines jy* ^ 2.01 A and Rj^ 1.95 A and for the phenol compounds, 

Rjj jsr ^ 1.88A and 1.7lA. Substituting these values on the right 

hand side expression of equation (2), we obtain, 


( ^'^Pyridine \ 1/ \ 

\ AVetAer ' amines ' \ Av ether phenols 


{(^ 


) phenyl I ( ) phtaols | 

/ amtnee I \ Jt / i 
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The experimental value for the left hand side expression of equation (2) 
obtained by substituting the average of Avi/Avj for phenyl amines ftakcn from 
the results of Kastha and Medhi (1963)J and that for the phenol compounds 
[taken from Table I] in solutions in pyridine and in ether, is found to be 1 .09 
and this agrees fairly well with the calculated value 1.14. 

From the foregoing discussions it is concluded that the simple electrostatic 
model of hydrogen bonds investigated by Coggeshall in the case of hydrogen 
bonding between similar molecules may also be applied under certain restrictions 
to the case of formation of hydrogen l)ridge8 in sf)lution between two diasimilar 
molecules of solute and solvent. 
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Plate Vn 


ABSTRACT. Tho band Hpt’iotnim of AsO exoited in a heav^y current, diwcliargo run 
on a 2000 voit, 1 ampere transformer, revealed a large number of new bands in the region 
X 4100 ‘-\,3400A. They have been analysed into two systems. The lower state frequency 
for both tliesf* systems has been found to be eciual to the ground state frequeivy of the mole- 
cule. The mole(!uIar constaixts found for thos< two systems are summarised below; 




2 7 095. 5 cm'* t 

20802.5 cm-i 


; <og’ ^714 cm"i 


Xt*' <t)e' — 2.5 cm""!; 0)$'^ = 963 cm“t xe'' o>e" = 4.5 cm^^ 
F-Xsilr ; ue" ssi 904 cm-i; css 689 cm-^ 


INTRODUCTION 

In an earlier publication on this molecule, Lakshman and Rao (1960) reported 
two now doublet band systems designated as C*A—X^ FI, and ?)— in 
the region A3100— A2400.4. Prior to this, Connelly (1934), Jenkins and Strait 
(1935), Shawhan and Morgan (1935), all about the same time reported indepen- 
dantly two doublet systems A -X ^11 and B X *11 of AsO. in emission, in 
various sources of excitation in the region A 3450— A2350A. All these four systems 
reporteil namely, A—X, B—X, C—X, and D~X. have a common lower *n, 
state, with a doublet splitting of 1026 cm“^. Connelly’s absorption experiments 
proved this lower *11 system as the normal ground state of the AsO molecule. 

The investigations on this molecule have been continued in order to obtain 
a band system analogous to the A *11— X*n system, earlier found in SbO by 
Mukherji (1931), Sen Gupta (1939), Lakshman and Rao (1960), and Shimauchi 
(1960). This work has led to the analysis and identification of two new systems 
designated as E—X *11, and F—X *n, in the band spectrum of the AsO molecule. 
The present paper deals with a detailed analysis of the bands of this system. 


209 



210 


Jf. V enkataramanaiah and S. F. J. Lakshman 


EXPE HIMENT AL 

Experimental proc edure adopted in the present investigations waft the same 
as n^ported earlier by Lakslinian and T^ao (1960), except that a 2kv transformer 
had been used instead of a 4kv transformer. The bands are so very feeble in 
intensity, that exposures varying from 20 to 45 minutes were found necessary 
to phot(^graph them on Ilford Special Rapid, Ilford Panchromatic and Agfa Isopan 
Superspecial plates using a Hilger Medium Quartz Spectrograph. Wavelengths 
of the band heads were made using iron arc lines as standards. The vacuum 
wave numbers vere obtained from Kaysor’s tables. 


BESULTS 

New bands obtained in the region A4100— A3400A are reproduced in 
})late VII. Though the bands are sharp they are so very feeble in intensity tliat 
all our attempts failed to photograph them with reasonable intensity on a larg<^ 
Littrow Spi^ctrograph . 

The new red degraded bands start from tlu^ long wave length side? of tlu^ 
A —X system, i,e. about A340()A and extend upto nearly /\41()0A. It was at 
first thought that they could bo the extension of the A — X system. Our attempts 
to fit them into the vibrational scheme of the A~X system were not successful. 
Therefore, it was concluded that they might fall into one or more separate systems. 
The wave length, Mwe number, intensity and classification of these band heads 
are all given in tal)le I. 

F—X^n system. : 

Bands with heads at /\3628.S, A3659.8, A3690.5A appear to form one sequence 
with a wave number interval approximately equal to 235 cm~^. Similarly another 
sequence of bands could be picked up with heads at A35 10.2, A354 1.1, and A3570.9A, 
giving almost the same wave number interval. Purtiier a wave number interval 
equal to 931 cm ^ is found between the bands at A351().2 and A3628.8A, This 
is close to the value of the lower X ^fl state of the AsO molecule. Taking 

this as a clue, the other bands as far as they could, have been picked up to fit into 
a vibrational scheme as shown in Table II. 

The rest of the bands could very well be fitted into two components of a 
doublet system, with a doublet interval of 733 cm~^ in the upper state. Therefore 
it is quite propable to assume that the other component of this F—X ^FL system 
has not been excited in the mode of excitation adopted by the authors. The 
approximate vibrational constants of this system are given hereunder : 

0)', essf 689 Qjxr^; 964 om-^ 
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TABLE I 

Wave length, Wave number, Intensity and Vibrational assignments of 
the bands oi E—X^Tl and X ®n systems 


X A p cm > Intensity Assigment 


E-X 


3521.8 

28386 


1 

3651.4 

28148 

4 

2 

3611.4 

27682 


1 

3706.3 

26973 


1 

3740.6 

26726 


1 

3842.1 

26020 


4 

3987 . 1 

25074 


1 



E-X*na,’, 


3650.5 

27386 


2 

3682.3 

27149 


2 

3747.1 

26680 


1 

3920.8 

25498 


1 

4032.7 

24790 


1 



F-X»II 


3428.0 

29163 


2 

3479.0 

28736 


2 

3510.2 

28480 


5 

3541.1 

28232 


3 

3670.9 

27996 


4 

3596.9 

27794 


4 

3628.8 

27549 


4 

3669.8 

27316 


3 

3690.6 

27089 

- 

2 


2.0 

3.1 
1.0 
0,0 

1. 1 
0,1 
0.2 

1,0 

2.1 

0,0 

1,2 

0,2 

(V'4-2,2) 
V', 1 
V'+l. 2 
V'+2, 3 
V'+3,4 
V'. 2 
V'+l, 3 
V'+2, 4 
V'+S, 6 
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TABLE II 

Vibrational Scheme of the band heads of the F--X system of AsO 


28730 942 27794 

686 

28480 931 27549 

683 683 

29163 931 28232 

V'4-3 


916 27316 

680 

27996 907 27089 


V'-hl 

V'-f 2 


E-"X system 

Table III gives the DesJandre’s seJieim* for the two components of this systeni. 
The band heads of the two conijxments of this system could be represented by 
the quantum formula : 


V 


2709^.5 

26802.5 


-j-714(r'+i,)- 2.5(F'-i-i)2-963(r | J)4. 4.5( + 


to within an accuracy of 3 em~^. 


TABLE III 

Vibrational scheme of tlie liand heads of the E--X Hi system of AsO 
V" ~ 



0 


1 


2 

0 

26973 

9r>3 

26020 

946 

25074 


26680 

— 

— 

— 

24790 


709 

— 

706 

— 

— 


706 

— 

— 

— 

708 

7 

27682 

956 

26726 

— 

— 


27386 

— 

— 

— 

25498 


704 


— 

— 

— 


— 

— 

— 

— 

— . 

2 

28386 

— 

— 

— 

— 


— 

— 

27149 

— 

— 

3 


— 

28148 

- 



o.a 
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Medium Quartz Spectrogram 
The new E-X & F-X Systems of AsO 
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The Emission Band Spectrum of AsO 

DISCUSSION 

The ground state electron configuration for the AsO molecule can be written 
in MuUiken’s notation as 4 

[Zaf {Y(rf(x<Tf {a)n)|(Fn) ... % 

I 

A study of the ionised spectra of molecT|tes gives us a clue to know which of 
the two bunding orbitals {x<r) or (toTl) is po^ssing higher energy than the other. 
As n state has been observed as the first exciled state in the case of N0+ and NS+ 
we may expect for molecules with small inlernuclear distance wFI orbital to lie 
inside the xcr orbital. As state has bee^ observed as the first excited state 
in the case of PO+, PS+ and AsO+j we may ^pect for molecules with large inter- 
nuclear distance x<t orbital to lie inside the orbital. 

The states E and F may then be expected to belong to the following con- 
figuration. 

{Z(Tf ( Yaf {a5cr)2 (un)» ( V II)* 2n<, 

The E—X system may belong to a E^Ylr—X ®II|. transition with a splitting of 
733 cm~^ in the upper E state. Similarly the F—X system may belong to a 
f ‘‘*n— transition with upper state belonging to Hund’sca8(5 (b). The 
natiu^ of the states can however be only confirmed on the basis of a detailed 
rotational analysis. 
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ABSTRACT. The analytical expressions for refractive index and the absorption 
index of the ionosphere, obtained by Murty and Khastgir (1963) have been ( onsiderod for the 
special cases, when (i) H=0, (ii) p (Hi) N-^0 and (iv) po'-* The longitudinal case, 

the transverse case, the gwa^^i-transverse case and the case when v <<p' have also been dis- 
cussed. In the case when H =0, the expressions are reduced to those obtained by Mitra (1952) 
following Appleton and Chapman (1932). In the case when f =0, the expressions are the 
same as those corresponding to the limiting case discussed by Bateliffe (1933). In the quasi- 
transverse case and in the case, when it has been shown that the analytical 

expressions are reduced to those given earlier by Whitehead (1962, 1956). 

It has been shown that the effec^t of the earth’s magnetic field is not only to cause bi- 
refringence but also to change the values of the refractive index and the absorption index for 
both the ordinary and the extraordinary modes. Taking collisions into account, Ratcliffo’s 
conclusion that the refractive index in the absence of the earth’s magnetic field is minimum, 
when =2 and that it is zero when po^lp^ =1 for f =0 has been confirmed. 


INTRODUCTION 

Murty and Khastgir (1963) deduced general analytical expressions for the re- 
fractive index and the absorption index of the ionosphere from the Appleton- 
Hartree magneto-ionic formulae. In the present paper, some special cases have 
been considered. Some of these formulae obtained from the general analytical 
expressions under specified conditions have been found to agree with the formulae 
given by previous workers. The applications of the analytical expressions for the 
refractive index and the absorption index have also been discussed. 
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EXPRESSIONS FOR REFRACTIVE INDEX AND 
ABSORPTION INDEX IN SOME SPECIAL CASES 

The general expressions for the rofractivf index /t and the absorption index 
X, as given by Murty and Khastgir (1963) a^ : 



'2 [V^+a2+P + a^+p)] 

... (1) 

and y® = 

[V MS - (^+ Mi*)] 

... (2) 

whore 

a = OL—syj;^ 

... (3) 


h ^ /?+ryi 

... (4) 


r = /) sin 0 

... (.5) 


^ cos <f> 

... (6) 

p = ratio of the amplitudes of the normal and the abnormal (components of the 

magnetic vector 

of the radio-waves* 


^ = phase-difference 

between the two components 



C 08 2?i = n'-y/(\+a'f-ia'b' 

(7) 


a'~ - 

... (8) 


b' 

... (9) 


V = electron collisional frequency 
V(, = critical collisional frequency — 

M COS u 


y=p(i- p^=. 


eH 

me 




m 


p = angular frequency of the radio-wave 
H = earth’s magnetic field 
N = electron number density 


♦It has been shown by Murty & Khastgir (1959) that 


Po I oos 


0 8m0 j 


1 and 


£'r JL. + 

0060 sin0 J 
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0 angle between the positive direction of the magnetic field and the direction of 
wave propagation 

e, m charge and mass of an electron 
and c = velocity of light. 

When - < < Ij the exprei^ions (1) and (2) are reduced to 

... (la) 

(2a) 

(lb) 

Case I — When the earth- s magnetic field H is zero 

In this case, we find from (3) and (4) that 
a = a and b = so tliat we can write 


= 1 + 


lH-4a 


and 


X 


2 — 


4(a2-f 52) 

When a is negative, (la) can be wTitten as 

4(a*+62) 

We shall now consider certain special cases : 


and 


X^B~o 



l+2a 

aH/?® 


(10) 

T+2a 1 
a^~+/P \ 


... (11) 


These expressions for ii^b=o ^'^d the same as those obtained by Mitra 

(1962) from the expressions for the electrical conductivity of an absorbing medium 
given by Appleton and Ohapman (1932). 


When, however, 


l-t2a 


<< 1, we have 


= 1 + 


l+4a 

4(a*+/?®) 





... (10a) 


and 


... (11a) 
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Since a is negative, (10a) can be written as : 




1- tliLlzi 

Case II — When the electron coUiaional frequency v is zero 


(10b) 


In tliis case, we have y? = 0 arid 6' =a' 0, so that from (7) ^ ~ and hence 


r = 0 and 6 = 0. We can therefore write |quation8 (1) and (2) as : 

i+i 


( 12 ) 


and ;eVo = 0 ... (13) 

The wave-polarization has been taken as i? = r+is = pe**" , where r and s 
are defined by (5) and (6), p is the ratio of the amplitudes of the normal and the 
abnormal components of the magnetic vector of the wave and <j> the phase-differ- 
ence between them. Since for v — 0, r = 0, tlie Appleton-Hartree fr)rraula for 
the wave-polarization can be written as i 


R — 1/S — 


1 


[- 




■±V 


ry 


2(l-fa+i/f) ^ 4(l-fa-fiy?)2 




(14) 


In ( 14) the negative sign of the electronic charge is taken into account. 


Thus from (12) and (14), we get 

/*Vo=l+ ... (12a) 

“"2(^) 

This was discussed by Ratcliffo (1933). 

From equations (1) and (12), it is found that the value of the refractive index 
in the absence of collisions is greater than the value in the presence of collisions. 
Case III — When the electron number density N is zero 
In this case a— ► oo and oo 

and hence oo and 6-> oo 


Thus we get 


= 1 
X'b-o = ^ 


... (16) 
... (16) 


Case IV — Whmp^Q — p^ 

In this case, we have p' — 0 and b' = 1,. so that from (7) ^- = 0 and hence 
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= 0, 7 = /> and a = a. Further a = — 1 and /? = --. Hence the equations 

2? 

(1) and (2) are reduced to 

/‘V-P- = 2- [V (’-i+6t)] - O’) 

‘‘"'i ^ ^ 2 [V ’ 1+6* 1+6®")] ■■■ 0^) 


It is seen from (17) that the value of /i^p^ 2 r=p» does not become zero at the poin 
= p\ when the collisional effects are predominant. 

Case V — Longitudinal Case (i.e. when 6 — 0, = 0 and = y) 

In this case, we have v* = 0, a' = 0, ^ ^ . Hence r = 0, b = fi and 

It = is. Further with the help of (14), we get « =±1, so that a — a±y- The 
equations (1) and (2) can therefore be written as : 

i“Vo = 2 + ( 1+ )] 

and a:Vo = )] 


... (19) 
... ( 20 ) 


In this case the values of p and x ®re predominantly affected by the earth’s 
magnetic field. 

Case VI — Transverse Case (t.e., when d — 90°, y^ — O and yp — y) 


When d — 90°, wo have : 


(a) 

(b) 


sy =0, ryj^ = 0 

syr = - ry , = 

(l+a)2+^’ 


Therefore we get 


(a) 

(b) 


a — a, b = fi 


a = a— 


y*(i+«), 

(1 +«)*+/?* 




Using the values of and&^_ggO in equations (1) and (2) we get the expres- 
sions for ®“d AfVso® • Id fbe transverse case, when 8 — 90°, we find 

that one set of the values of and the same as ‘•'Dd 

;^‘ 2 r-o discussed earlier in Case I. 
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Case Yll—Quasi-trm^vtTBt Case 

In the jiKwi-transveree case, »Yl^ so that from (14), we get 

^YjJiQT = - ± V + yjf 

==- 1/ 1+ 4y£*{l+a+iA)* 

2(l+a+i/i)^ 2(l+a+f)\ ' yj “■ 


Vj^ 


2(l+a+i/?) 2(l+a+^) 


ll4.Wl+c^+i/3)n 

*iff) L ^ Yt* “ j 


l+oc+ifi reflection level, (1+a) 

is negative. Hence | | is also negative in that region. Thus for the 

ordinary inode, below the level, pf — p^, we have from (21) : 


^Yi^qt — ^Tii^or+Sgr) 


Yt‘ _ Yt^ 
2'(l-l-a+i^) ■ 2(l+a+i/?) 


[ 1+ Wl+a+W j 


Yt ! _ 1 Yt , rr In.i.a4-i^ll 

2(1 -Vd+ifi) i 2(1 -1-a+t/?) + r/ ' ^ ^ ^ ' 


= l!‘l (l+a+t/?) 


... ( 22 ) 


Hence from (22), we get 


Yi^qT = P cot® B and Yh^n =— (1+a) ooW 


Therefore we get 


... (23) 


a^j, = «+(!+«) coW and 6 qj. = /? cosec*^ ... (24) 

The Appleton-Hartree formula for the square of the complex refractive index 
can be written as : 

S= (/t— »x)* = 1+ —i — r*a\ ^ • T T ~\ ~ XTTs 
^ ^ (a+i;?)+»yi(f+«) a*+o* 


... ( 26 ) 
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Hence wo get 


fi^-X^ = l+ 




... (26a) 


and 


2/^X> 


a*+6* 


... (26b) 


Thus when and - << 1, we can write from equations (24) and 

P 

(26a) 


Pot* ~ 1 + 


a+(l-f «) cot* 0 


(Bince /? = 0) 


... (27) 


where 


(1— cosec^ 6 
1 


X = — 


Similarly, the expression for XoT written from (24) and (26b) 


XoT — o, 


y? cosec^O 


^MoT {I +(1 +^) eot^0}2+/?^ cosec^ 0 


coscc 0 


... (28) 


The expressions (27) and (28) are the same as those given earlier by Whitehead 
(1952). 

Case VIII — When '*<.<. p' 

In this case, we can write equation (14) for the ordinary wave as : 


P* > P* 


~ -^(I+a')+ 


i.e., 


i(r+w) - - Vl+«' {l+ I 

Ve I P (l+a') J 


i.e., 


and 




V x^a' o'v 


VT+F 


555 V 1+®* —‘^a* 


... (29) 
... (30) 
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Therefore we get, 

= a-{V H-«' ••• (31) 


and 


K«p- = p+ 1^,^- { 1 ^ \ Ti 

P ^ f Vl+a'^ 


Hem;e the expression for /i^v«p'^ be Written from equation (1) as : 

:i I 

A«p'~ 1+-’ == 1+ 4zr 

« a-{v'l||-ffl'-v'«'}r£ 

and from equation (2) we hav^e : ' 


X»«p' ~ 57 


J , ^v « ff 


^l^v«p' ^ i'«P' 

p' \ -v/lW * 


The expressions for li^v«v ^ and Xv«p' same as those obtained earlier 

by Whitehead (1956) (vide Appendix). 

APPLICATIONS OF THE EXPRESSIONS F O R /i A N D x 


(32) 


(33) 


(34) 


(i) Computation of the dispersion and absorption curves : 

The dispersion and absorption curves showing the variation of // and x 
function of the electron number density, for some assiuiied values oi collisional 
frequency and earth’s magnetic field conditions can be easily computed for dif- 
ferent wave frequencies for both ordinary and extraordinary modes of propaga- 
tion by using the expressions for // and x given in eipiations (1) and (2), The 
values of p and ^ are first computed by using the expressions given earlier liy 
Murty and Khastgir (1959, 1960a). Then the values of r and .5. corresponding 
to either ordinary or extraordinary mode are evaluated using equations (5) and 
(6). From equation (3) and (4) we can then get tlie values of b^ or b^. which 

can be used in equations (1) and (2) to get the value of // q. Xo Xx- 

(ii) Evaluation of the group-refractive index of the ionospheric medium 
The group refractive index p' can be written as, 

fi'=p+p^ - 

Equation ( 36 ) can also be written as : 

= *”. 1 ^®^ 
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Using the general expression for given in equation (1), the expression for 

can be obtained. Hence by using equation (36), the general expression 
for the group refractive index can be deduced. The general expression for 
/e' has already been obtained by Murty and Khastgir (1960c, 1961). 

(iii) Effect of earth's magnetic field on the refractive index and the absorption index 
of the ionosphere : 

As the negative sign of the electronic charge has already been taken into 
account, should be taken as positive. Considering now the negative sign of a, 
we get from (3), (4), (5) and (6) 

a^+6^ =r a2+/?2_j^pyj^[2(a sin cos 0)+/?yJ ... (37) 

We shall now discuss the cases of the ordinary and the extraor<linary modes 
of propagation separately. 

Ordinary Mode 

Let us consider the ordinary mode in the northern hemisphere below the 
ionospheric reflection level, = p‘^. We then have /? < 1 and ^ is in the first 


quadrant ^0 <f>< 



so that sin (f and cos0 (also s and r) are positive. 


Accordingly for the ordinary mode, under the conditions, wc^ get from (37) 

< + V > 

We have put : a = oc—sy^^. Here a is negative and s positive so that a == 
1^1 I I • Hence a is negative and the approximate value of the refractive 
index would be given by (lb). Taking a 100 m-wave at the reflection leave = 
p^, the scalar magnitude of a is unity and is very much greater than py^ or sy^. 
Comparing now (lb) with (10b), it is found that for the ordinary mode under the 
specified conditions, the effect of the earth’s magnetic field would be to increase 
the refractive index. From (2a) and (11a) it is evident that the effect of the 

earth’s magnetic field would be to decrease the absorption index for the ordi- 
nary mode. 

Extraordinary mode 

In the northern hemisphere for the extraordinary mode, below the ionospheric 


reflection level, p > I and <j) is in the fourth quadrant a so tha:^ 

sin (j> and s are negative and cos 0 and r positive. Accordingly for the extra- 
ordinary mode under the conditions we get from (37) : 

V = PrJ2(a sin cos (f>)—pyjf\ ... (38) 

Ttos Ox®-fV < «*+/?*. provided < 2(a sin^-yd. oos^). We have put 
a == a-ay^. Here a and a are negative, so that a = ] ayjj | _ | a | , When ) ay^ 1 < ] « 1 , 
a 18 negative and the refractive index wou ld then be given by (lb). Taking a 

*Vidt Table I of the paper by Murty & Kastgir (1000b). 
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100 m-w&VG at tho reflection level, p» as before, and comparing (lb) with 
(10b), it is found that for the extraordinary mode under the conditions, the effect of 
the earth’s magnetic field would be to decre«|^ the refractive index, since ax®+ V 
< for pyj; < 2{a sin^— /? cos^). il^m (2a) and (lla) it is evident that 

the effect of the earth’s magnetic field woidll be to increase the absorption index 
for the extraordinary mode. ^ 

(iv) Conditions of refiecMon from the ionosj^re in the absence of the earth’s mag- 
netic field : p 


Since fi = 

Po^ 

written as : 


av 


the expressio^ for 


as given in (10) can be 



1 



1+ - 

p. 

V / v2 V 



_ «*( 1+^) 1 

“b+,.4- 

, „ 


(39) 


P 

The condition of reflection of a wave of frequency ^ from the ionosphere, 
where the elctdron collislonal frequency is v, is then obtained by differentiating 
(39) witli resx)ect to a and equating it to zero. It is easy to find that 

p ^ 

would be minimum, when = 2. Wlicn v — 0. tho value of /i^h=o i® 

=1. This has been discussed by Ratcliffe (1959). 


CONCLUSION 


From an analysis of the expressions for the refractive index and absorption 
index, obtained for tho different special cases, it is concluded that: : 

(i) The effect of earth’s magnetic field on the propagation of radio- (vavos 
in the ionosphere is not only to cause bi-refringence but also to change tho values 
of the refractive index and the absorption index of the ionospheric medium. 


(ii) The value of refractive index does not become zero at the point ^ 
= 1, when the collisional effects are taken into account> 

(iii) The value of refractive index is minimum at — == 2, when 

!P 

the collisional effects are taken into account and is zero at£\= 1, when 

P 


(iv) In the longitudinal case, both the values of refractive index and the 
absorption index are predominantly affected by the earth’s magnetic field. 
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(v) In the transverse case, one set of values of /^^«^()° and;\;^«90'» are, the 
same as those of fiE^o A'fl-o* 
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APPENDIX 


Whitehead (1956) obtained the following expressions for Xv«v* 

XZ(l -f 2^2 cot*/?) 


and x^«p>^ i 


(\-\-Q\yi,) 


V 1- ■ 


where 


Qi \/l — s/fi' 

a 


Qi 


Y 1+r/ 


cot0 = ^-^, Z^BX 

Vl 

Pi, 

Pt P® 

Equation (40) can be rewritten as 


/**''<<3»' — I’f' 


1 


(40) 

(41) 


a— { v^l v/a'}7z^ 

This is the same as given in equation (33). Equation (41) can be rewritten as 


Xp«p‘' — i 


p yi-j- a' > _ 


U«-(V'H-a'-V'aWV 1 + 

This is the same as shown in equation (34). 
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ESTIMATION OF THE CRYSTALLINE ELECTRIC FIELD AND 
EVALUATION OF g-FACTORS IN CUSO4 . SHfi 

A. NARASIMHAMURTHY and D. PREMASWARUP 

Microwave Laboratory. Awdhra University, Wai.tair 
(Received March 8, 1963 ; Reifubmiiled August 2, 1963, and October 9, 1963). 

In Cu(KH 04)2.6H20 where the Cu*‘+ion is surrounded by six water molecules 
arrang(‘d with tetragonal symmetry, Polder (1942) calculated the induced and 
liencc effective dipole moments of the two types of water molecules corresponding 
to the two different distances from the Cu++ ion. However, in the absence of any 
data on Cu(KS04)2.6H.20, Polder took the distance parameters the same as in 
CUSO4 • 5H2O in which the nearest neighbours of the Cu++ ion are established 
as four equidistant water molecule and two equidistant oxygen atoms (of the SO4 
groups) distributed with tetragonal symmetry about the axis joining the two oxygen 
atoms according to the X-ray diffraction analysis of Lipson and Beevers (1934). 
These values are then utilised to .ialculate the strength of the crystalline electric 
field at the copper ion and the Stark energy splitting of the ground state. Results 
of this calculation w'orc later used by Spence and Kikuchi (1950) to evaluate the 
principal g'-values of the Cu++ ion in the CUSO4.5H2O crystal. However, the 
effect of the very considerable differences in the values of the permanent dipole 
moments of water molecules and oxygen atoms (1.87D and 0 respectively) makes 
the calculation for this salt different from that of Polder. We have undertaken 
such calculations for CUSO4.5H2O employing the method described in an earlier 
communication by us (1963) taking the oxygens as neutral atoms instead of (804)®- 
groups in view of the large size of this group compared to the Cu — 0 distance. 

Both the water molecules and oxygen atoms are regarded as point dipoles 
placed at the corresponding lattice points with distances a ~ 2.oA and b = 2.3A 
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respectively from the copper ion. Polarisabilities »hd permanent dipole moments 
of water and oxygen respectively are 

aHjjO = 1 .48 X 10-*«ce a© = 1 R? X 10-“oc 

aH,0-].87D /<o = 

Representing the effective dipole moments of the water molecule and oxygen 
atoms by //„ and respectively, so oriented that their negative ends are towards 
Cu++, one can write down from the fields at the different lattice points due to the 
surrounding charges and dipoles, the following equations. 


Ha = HJitO+CtEiO 


— _ 

Qdb/ib 

L 4a® 



, \Ze 

/<* = /*0 + «o[-j2 — 


46»J 



The field in the immediate neighbourhood of the paramagnetic ion can be re- 
presented as usual by 

Numerical values of the dipole moments and expressions and values for the 
field parameters are given in Table I. 


TABLE I 



Authors 

Polder 

i^a 

4.19D 

4,00D 

H 

1.42D 

3.33D 


39200 cin"*i 

24600 cm”! 

A,‘r‘ » -2(>.y Y +'‘^1 ,1 

-28300 „ 

-33300 „ 

- -1 

-33000 „ 

31400 ,, 


In the two different models, the relative magnitudes of A4® and A4— * get 
reversed. As the crystal field parameters are directly related to the matrix 
elements of the potential energy, their sign and magnitude essentially determine 
the ultimate energy levels. 
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Under the tetragonal field the *D etdte of the Cu++ free ion splits into three 
singlet and one doublet levels. Nunierioal values of the energies are as follows. 


State 

026 


Level 


E, 

E, 


lab 


^2a 


( Authors 
;» 7440 
I 2529 „ 
f 172 „ 

I -17298 „ 


Polder 
6606 cm.~^ 
-1363 „ 
2224 „ 
-14143 


In terms of the energy levels the pri|icipal </-factors arc given by 
STi = 2 - 2 A i t^x,y,z 


2— 2A S 1 I I I Q> ^ _ 

n^O 


^n~-^o 


Under the present conditions the equations for g rotluce to 

ffz = = 2-8A/{i!?2j,-j&2a) 

yx = 9u = 9^ = 2-2A/(J?,a6-jB;s«) 

The spin-orbit coupling constant A is taken as 828 cin-^. Calculated values of 
gr,! and gx are indicated in Table II along with tho.se obtained by Spence and 
Kikuchi using Polder’s energy values. Experimental values obtained by various 
investigators are also included in the Table. 


TABLE II 



Calculated values 

Experimental values 



Authors 

Spence and 
Kikuchi 

Bagguley Wheatley 

and Griffiths and Halliday 

Arnold and 
Kip 

Authors 

fl^ll 

2.38 

2.43 

2.40 2.39 

2.38 

2.41 

ffl 

2.07 

2.08 

2.08 2.07 

2.05 

2.07 


In view of the large splittings of the ground state in both the models, the 
change in the calculated gr- values is not veiy significant. However, a more signi- 
ficant change is obtained in regard to the energies of the various levels. In addi- 
tion to an overall increase in the splittings due to the crystal field an actual cross- 
ing over of the levels <pQ and occurs as one goes from Polder’s model to the 
authors’ model owing to a comparatively higher magnitude of the tetragonal 
parameter. 

In conclusion certain approximations which had to be made to make the 
calculations simple may be clearly stated. The polarisation of the oxygen atoms 
by the sulphur and other oxygens of the SO 4 group may slightly change its dipole 
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moment value. The values of r~^ and F'^used in the calculations refer to the values 
corresponding to the 3d electrons only, any overlap l)etween the Cu-3d and 0-9, p 
orbitals being neglected. Finally such an overlap may also introduce a small 
change in the value of A the spin-orbit coupling constant. 

The authors wish to express their deep indebtedness to Prof. K. R, Rao for 
his valuable guidance and kind encouragement throughout the progress of this work. 
One of us (A.N.) is grateful to the Council of Scientific and Industrial Research 
for the awarfl of a Junior Research Fellowship. 
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IONOSPHERIC DISTURBANCES ACCOMPANYING NON- 
CROCHET AND CROCHEt ASSOCIATED FLARES 

S. D. DESllPANDE 

DEPABmBNT ov Thysios, Govt, Polytechnic, Khamgaon. 

(Renewed March 2, 1964 ; Itfisvbmitted April 1, 1964). 

From the systematic comparison and study of data on Ionospheric flare 
effects reported by Indian Ionospheric Stations for 1957-58, two distinct groups 
of disturbances were selected. One group consisted of flares accompanying 
Sudden Cosmic Noise Absorption on 25 mc/s (Bhonsle 1960), a short wave fade 
out on about 6 mc/s and sometimes SEA at 27 and 100 kc/s but not a crochet 
or a geomagnetic disturbance. In second group flares were associated witli 
crochet in addition to all the above ionospheric flare effects. This group can bo 
termed as crochet associated flares after Dodson and Hedcman (1958). 12 cases 

of the events in first group and 14 in secsond were noted. 

In all these events belonging to both the groups, except one or two, flare, 
associated ionospheric effects and crochet, if present, all start with ahnost simul- 
taneous occurrence prevailing for a certain duration. Additional fade out or 
SEA on low frequency either precede or what is more likely follow this main 
disturbance in many events. 

SCNA is the predominant of aJ flare effects as regards intensity and also 
duration in all the cases belonging to both the groups. Applying Shain and 
Mitra’s (1954) criterion to classify flares on the basis of maximum absorption 
during associated SCNA, it is possible to compare the relative intensities of flares 
and the associated ionospheric disturbances. Table I gives such a classification 
for both the groups together with the values of maximum absorption during 
associated SCNAs. Sunilar classification of fade outs in two groups wth impor- 
tance estimated by their duration, as no record of the field .strength was available, 
is given in Table II. 

Dodson and Hedeman (1958) reported that no major SID’s are associated 
with crochet flares though these are ordinarily important flares. Present analysis 
shows that, though crochet flares are ordinarily important flares, there' is a pro- 
portional increase in the intensity of ionospheric flare effects also as evident 
from the tables. The minimum ionization, that will produce maximum absorp- 
tion of cosmic noise to about 1.4db, seems to be essential to have a crochet 
associated with a flare. 

One interesting fact observed is that the end of the simultaneously occur- 
ring disturbances is marked with the end of SCNA on 26 mc/s in almost all the 
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TABLE I 



Non-crochet Flai-e events 

Crochet Flare events 

Flares Optically 
determined Class 

Flare intensity by 
max. absorp- of 
SCNA Class 

Value of max. 
absorption during 
SCNAs db 

Flare intensity by 
max. absorp- of 
SCNA Class 

Value of max. 
absorption during 
SCNAs db 

1- 

3 

3.2 

- 

- 

1 

2 

0.7 

2 

0.8 

1+ 

2 

0.7, 0.8, 1.1, 1.8 

2 

1.8 

1+ 

- 

- 

3 

4.3 

2 

2 

0.9, 1.0, 1.1, 1.1 

2 

1.4 

2 

- 

- 

3 

2.4. 2.6, 3.0, 3.6, 
3.6, 4.47 

2+ 

2 

1.1 

3 

6.0 

3 

- 


3 

3.01, 10.0 

3+ 

- 


3 

20.00 


TABLE II 


Duration 

Non-crochet Flaro 
disttifbancos 
Number of F.O.s 

Crochet Flare 
disturbances 
Number of F.O.s 

Below 30 min. 

7 

2 

Between 30-60 min. 

2 

6 

Above 50 min. 

2 

6 


cases of non-crochet flare disturbances and in some of the crochet flare events if 
the end of the crochet is disregarded. This delay in tlie end of SCNA on higher 
frequency over that of a fade out on lower frc^quency is minimum of 10 min, in 
some cases and as large as 60 min. in others. 

X)-region absorption is inversely proportional to the square of the frequency 
and in cosmic noise single passage is involved. However total ionospheric ioni- 
zation is responsible for cosmic noise absorption while only the Z>-region ioni- 
zation is effective in case of conununication fade out. Hence this delay in the 
recovery of SCNA, when much appreciable, may possibly be explained by the 
probable excess ionization pesent at higher levels (Mitra et al, 1968) rather more 
favourably during non- crochet flare disturbances. 
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IONIC CRYSTALS-1 . ALKALI HALIDES* 
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Dbpabtmbnt or Physics, Lv^nuw Univbksity, Inoia 
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{Received February 6, 1904 ; Meffuhmitted May 14, 1964) 

ABSTRACT. The lattiee energies and other properties of ioni(i crystals have been 
studied on the basis of a Lennard- Jones (J2: 6) potential form and the necessary e(]uations 
derived. Experimental data for the interionic distam^es and lattice energies for such crysi il 
have been used to give the values of the repulsive forces parameter B and the van der Waals 
Parameter C, wliich in turn have been utilised to obtain lattice energies, compressibilities 
and the coefficient of linear expansion. Satisfactory agreement is found between the experi- 
mental values and those calculated thooreti(5ally. 

INTRODUCTION 

The treatment of lattice energy and other properties of ionic crystals was 
initially given by Born and later diweloptnl by Born and Mayer (1932) and others 
and has been summarised by Born and Huang (1954). The interaction energy 
of an ionic crystal, in addition to (Coulomb energy, consists of an attractive and a 
repulsive term. The most widely used forms for tlu' repulsive potential have 
beiui either the exponential variation of repulsion interaction with distance or 
simply an inverse^ power variation. Although the results obtained by considering 
the Born theory wi’ire consistent, there always seemed to bo the. uncertainty in 
the magnitude, of the force index in the inverse form or the exponent in the 
exponential form. 

In an ionic crystal, the degree of ionization of tlie constituent atoms is often 
such that the electronic configuration of all ions correspond to closed electronic 
shells, as in the case of inert gas atoms. The inert gas atoms have closed shells 
and the charge distributions are spherically symmetric. We may also expect 
that the charge distribution on (‘ach ion in an ionic crystal may have approxi- 
mately spherical symmetry and that they interact according to central force Jaw. 
Thus, it seems reasonable to assume that ions of an ionic crystal are of the same 
electronic structure as an inert gas, possess overlap energy (and van der Waals 
energy), following a law with the same interionic distance variation as for two- 
inert gas atoms, that is, with the same force indices but with different potential 
parameters. 

Many of the properties of gases and liquids have been calculated and explained 
in terms of a commonly used interaction energy function, such as, Lennard- Jones 

•^A preliminary note on the subject has appeared in Ind, J. Phys, 1961, 86, 696. 
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(12 : ()) potential. This potential is strijtly true for the interaction of spliorieally 
syrunietric atoms and molecules. It is therefore possible to describe a number 
of properties of ionic crystals on a common basis with the help of this potential 
in conjunction with the term for Couloml) energy. This, thus affords a unified 
a})proach for (*valuating and inter])reting the properties of ionic crystals as well 
as the knowledge about the interaction forces and it is reasonable to assume 
tliat such an analysis will achieve considerable success. In the present paper, we 
have iisefl the Jicnnard -Jones (12 : 6) form represimting the van der Waals energy 
and the overlaj) energy. The inclusion of van fler Waals energy makes tin* law 
applicable more satisfactorily for heavier (compounds. 

The interionic- en(‘rgies in salt crystals of lieavier elements may be assumed to 
be of the form 


(l>{r) A(r)-\-B(:r) 


( 1 ) 


in which 


A{r) = attractive potential 
B[r) = repulsive potential 


[f we take Lennard- Jones (12 : 6) form in conjunction with the electrostatic 
energy term, \\v get the value of i4(f) and B(r) as 


A(r)^- 


ae^ 


a 

r® 


( 2 ) 



.. (3) 


where a is Madehmg’s constant (1.7476 for NaCl type, and 1.7626 for the OsCl 
type) which is characteristic of the type of crystal structure and is independent 
of the dimensions of the lattice, e is the electronic charge (c — 4.803 X 10~^® e.s.u.), 
r is the interionic distance, C is th(^ van der Waals constant and B is the repulsive 
parameter which is calculable. 

We have taken no account of the overlap jmtcntials between other than 
nearest neighbours. Born and Huang (1954) have shown that the theoretical 
estimates are altered on this account by well under 1 per cent. 

Cohesive energies for the ionic crystals are between a hundred and thousand 
times higher than the rare gas crystals and so the zero point energy is compara- 
tively very unhnportant for the ionic crystals, still one might take this into account. 

If Cq is the zero point vibrational energy then the energy per cell in an ionic 
crystal may be represented as 




ae- , B 
--- +,T2 


a 




( 4 ) 
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In this equation wc have not considered the dipole-quadrupole van der Waals 
terra Dr-®. However for a cheek wo calculated the effect of this term on lattice 
energy and the compressibility and found that for lighter alkali halides, contribution 
due to this term is negligibly small. For higher alkali halides, the deviation is 
noticeable cmly in the expression for c-orapressibility, but still is in neighbourhood 
of 1 — 2 percent. Therefore estimates of various properties based on (4) should be 
quite accurate. Equation (4) and the a(i|w>ciated expressions can now be used to 
compute the interionic distances, the lattic(' energies, the repulsive force cons- 
tant, the linear expansions and the compressibilities and compare them with 
experimental determinations as well as with those derived theoretically from 
other methods. 

CALCULATION OF I‘ O T E N T I A L T A R A M E T E R S 

The constants in potentials could lie assigned values so as to give the best 
fit for various crystal properties of all the alkali halide lattices in static ('quilibrium. 
But. as these cjuantities for the static lattices are not directlj’^ observable, we can 
assume that at finite temperatunfs the energy of a lattice consists of two parts, 
(Hildebrand 1931) onedeptmdent on its volume and the other only on temperature 
and express the first and second derivatives of the inteiaction energy in terms 
of the directly observable quantities. Thus, at equilibrium at zito pressure and 
at the absolute temperature T, Huggins (1937), 


and 


where 



_ 'dvT 

dr 

rfi 

(P<f){r) 

_ 9».- 

df^ 

r^ji 

T ( Ofi 


p \ dT 

/ fF-v 


Ftp 


(o) 


( 6 ) 


2T / dF 


dT fp 


). 


whore /i is compressibility, ( thermal expannion coefficient and 


V is the volume of the lattice cell. If v is the molar volume, then v 


N 


Kr^ 


in which ii is a constant that iB characteristic of the type of the lattice. 

(a) Repulsive parameter B 

The potential parameters can be evaluated by using the experimental data 
for different crystal properties. Using equations (4) and (5), we get 


p 12 r / ^Tv (l\(dv\ } 

^ ^ [\ 12r 2r« / “ T2 \ vl \ dT Ip J 


( 7 ) 
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and also from eqiiation (4) 




r i) 

L 0 r 


+ (-p)( )i.“"o] 


... ( 8 ) 


From an analysis of the (‘xperiniental crystal structure data accurate values for 
the lattice constant are available, from which using the appropriate structure 
relationships for cubic lattices, nearest neighbour distance r can be obtained. 
These observed values of r (Huggins J937) can bo substituted in equation (7) to 
determine the constant B, if we have a knowledge of C from other means. The 
second term in the square bracket is only in the nature of a corresponding term in 
which experimental values may be used for any selected tempc’irature. If the ex- 
perimental data for another crj^stal proj)erty, viz. the lattice energy is used in (ton- 
junction with the data for r, B could also be (*omi)uted from equation (S). The 
values of B so obtained from both the methods are tabulated in Table I. Mayer’s 


TABLE I 

Values of the repulsive parameter B 


Crystal 

BxlO‘»« 
(Froin eqn. 7) 

Bx IO'o< 

(From oqn. 8) 

CsF 

72.74 

— 

CsCl 

510.70 

531.6 

CsBr 

817.70 

864.6 

Csl 

1628.00 

1496.0 

RbCl 

184.10 

147.8 

KbBr 

309.20 

276.4 

Rbl 

643.00 

627.2 

KBr 

189.90 

141.6 

KI 

404.60 

342.7 

Nal 

163.60 

130.6 


(1933) estimates of C obtained from an analysis of optical data were employed 
while using equation (7). For the sake of comparison few crystals of lighter alkali 
halides have also been included. It is seen that there is a good agreement in the 
values of the parameter JS, obtained by using the value of C from optical data and 
that obtained by using the experimental values of the lattice energies. 

(b) The van der Waah attraction parameter C 

Values of the lattice energy in conjunction with the experimental values of 
r, may be used to determine the attractive parameter G in a similar manner. The 
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van dor Waal energy increases Avith the size of the ions and is quite appreciable 
for crystals of heavier elements. Equations (4) and (6) yield 


a 


-2r« 


) -. 1 - - (») 

p 

TJi(? (calculated C values froju this e(.jmbtion are given in Table II, where they 


tabSle II 

Valiums of the van cler Waals parameter C 


Crystal 

Cx lOoo 

(From optical data)* 

C X 10«o 
(From equ. 9) 

OsF 

495 

*— 

CsCl 

1590 

1766.00 

CsBr 

2070 

2410.00 

Csl 

2970 

2279.00 

RbCl 

691 

97.74 

RbBr 

898 

485.90 

Rbl 

1330 

1201.00 

KBr 

605 

— 

KI 

924 

287.90 

Nal 

482 

159.20 


♦Mayer (1933) 


have been compared with the values estimated by Mayer (1933) from a careful 
analysis of optical data. The table shows that there is a fair agreement between 
the two values and can be tenned satisfactory, especially as the values of the lat- 
tice energies are subject to the possible experimental errors of the order of a few 
per cent. However, as expected, it may be noticed that the/deviation are larger 
than those in the case of repulsive parameter B, These deviations are due to the 
relatively smaller contribution of van der Waals term to th<' total energy. The 
experimental lattice energies are tabulated in Table III. 
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TABLE III 

C'alculated and observed valued of crystal energies 


Crystal 

Kx])oriinoiitt(l 

Cohosive Energy £ in K Cal/molo. 
Calculated Calculated Calculated 

(Proaent Work) (Fowler, 1955) (Cubiooiotti, 

1959) 

Calculated 

(Huggins, 

1937) 

CsF 

— 

182.4 

176.9 

179.2 

175.7 

CM 

157.8 

156.8 

1.57.3 

155.9 

153.1 

CsBr 

152.3 

151.6 

1.53.5 

161.1 

149.0 

Csl 

145.4 

142.9 

147.7 

143.6 

142.5 


(141. 5)H 





RbCl 

153. (> 

167.0 

165.7 

164.3 

162.0 

RbBr 

1.58.0 

162.6 

160.6 

157.6 

1.56.1 

Rbl 

149.7 

150.1 

153.5 

149.1 

148.0 

KBr 

161.2 

165.5 

166.3 

162.7 

161.3 

KI 

L52.8 

155.1 

158.8 

153.4 

1.52.4 

Nal 

166.3 

166.8 

170.8 

165.9 

164.3 



(H) Hiiggins 

(1937) 




Thus, both the potential parameters, repulsive exmstant B and the attractive 
constant (> can be estimated purely from the experimental data and can be used 
to compute other properties. If we also wish to calculate r theoretically, this 
can bo done easily from equations (4) and (5) using the values of the potential 
parameters and solving the equations for r by any convenient method of successive 
approximation. 

CALCULATION OF CRYSTAL PROPERTIES 
(a) Lattice energies : 

Evaluation of the potential parameters from the selected crystal properties, 
affords a means of calculating other properties of the crystals. As both the distance 
r and the energy <j)(r) have been used to obtain B and C, it would be preferable 
to calculate other properties than these to check the suitability of equation 
(I). Fortunately, as mentioned earlier, C can also be obtained separately from the 
optical data. Therefore, we can determine theoretically, if wo use B as obtained 
from equation (7), and the experimental values of the constant C as obtained from 
the optical data. In Table IV , we have given values of the calculated cohesive 
energy E where E along with the experimental values. In the table 

are also given values calculated by Fowler (1955) using an inverse ninth power 
term for the repulsive energy and by Huggins (1937) using an energy function 
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taking into consideration an exponential expression for the n^pulsive term along 
with an additional term for the dipole-qiiadrupole interaction tenn. It will bo 


TABLE IV 

Calculated and observed valuds of crystal compressibilities 

P K\OP (bar) 

(Vystal Exporimenial Calculated (Calculated 

<l*re8ent work) (rresont Work) 



(a) 

(b) 

(") 

CaF 

4.25 (4.26) 

3.97 

— 

fJsOl 

6.95 (5.65) 

6.53 

5.43 

CaBr 

7.00 (0.28) 

6.39 

6.16 

CsT 

8.67 (7.83) 

7.44 

8.08 

KbCl 

0.65 (6.16) 

5.45 

0.15 

libBr 

7.94 (7.38) 

6.60 

7.05 

RbX 

9.57 (9.00) 

8.57 

7.39 

KBr 

6.70 (6.45) 

5.45 

— 

Kl 

8.54 (8.07) 

7.13 

7. 82 

Nal 

7.07 (6.21) 

4.68 

5.49 


(a) Cubicciottf ( 1 959). 

(b) Using B from equation (7). 

(c) Using B an<l C from equations (8) and (9) respectively. 

seen that the results obtained by us differ very slightly from those obtained by 
Huggins (19IJ7) and in some eases are even better. Thus, the estimates of 
the tjohesive (uiergy based on etjuation (1) should be quite adequate. 


(b) Crystal comj)ressibiHtits 

From the knowledge of B and C, we can derive crystal comprt'ssibilities which 
can be compared witli observed values. Equation (6) can be written as 


A 


dvF. 


T,v.. 


2ac* 


12.13 ■ 


.13 


O-’vO- 


... ( 10 ) 


The tenn Fyr /, is of the order of a small correcting tenu which vanishes at 0°K. 
Using experimental values for this term equation (10) enable to bo computed uti- 
lizing B and C from equation (8) and (9) and also B from (7) and O from optical 
data. In equation (1), the slope of the repulsive term Br-'‘ {n = 12), increases 
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rapidly as r diiniuishes. The effect of this distortion can be corrected, if we replace 

in exjm'ssion + by to conform better with the realistic 

overlap energy (Fovler 19o5). The values of f} thus obtained are given in 
Table IV, where they Jiave compared with experimentally observed values of 
the crystal compressibilities. The agreement is satisfactory. 

TABLE V 

Calculated and observed values of Coefficient of thermal expansion of crystals 


CJryHttil 

OL^ X 10« 

Calculated 

Experinieutal (Present Work) 

Calculated 
( Born Model) 

NaT 

48.3 

47.99 

42.87 

KBr 

40.0 

37.44 

43.08 

RbCI 

36.0 

31.62 

41.05 

RbBr 

38.0 

42.01 

41.90 

CM 

56.0 

55.27 

56.18 


OTHEK PH O PE HTTES OE CRYSTAL 

Besides the properties discussed in preceding section, many other crystalline 
pro})erties can be investigated on the basis of tlie inUjraction energy form of 
equation (1), and their calculated values compared with observation. However, 
we consider here only the coefficient of linear expansion. 

The thermal expansion of solids can be qualitatively explained as tlu^ result 
of displacement of the equilibrium positions of the ions due to increase* of the ampli- 
tude of vibration (Hummel 1950). In view of the influence of the ionic vibration 
on thermal expansion of solids attempts were made by several workers to correlate 
this property vith vibration characteristics of the ions. An approximate thermo- 
dynamic equation for thermal expansion of ionic crystals can be derived and the 
calculated values of thermal expansion can b(* compared with the experimental 
results. 

The potential energy at a distance r can be written as 

... ( 11 ) 

where is the energy at the equilibrium distance r^, and 


a 


1 r d*?i(r) 1 

2 L df* J’ 


« « • 


( 12 ) 
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Now if a?- be the thermal expansion, C^, be the specific heat at constant volume, 
and V be the frequency of vibration then it can be shown that (Kumar 1969) 


|idv\ 
2arg% M dr I 


... (13) 


We know that the frequency of vibraf|on of a simple harmonic oscillator is 
expressed as | 


\ 4;r^ 7 ’ 

where m is the reduced mass of the oscillating ions. 


.. (14) 


At equilibrium position, r = to, = 0 and 

dr 


dv 

dr 


1 


271 ■y/m 


1 / d?^(r) \-i 

2 \~dr^~ j 


r~ro 


/ Am r) 

\ dr* 


r'^ro 


... ( 16 ) 


We immediately find out, using 56 and its derivatives obtained from eqn. (4) in (13), 
that 


ai 


= 

2^0 



... (16) 


Equation (16), thus derived is nevertheless, subject to certain simplifying 
assumptions (Kumar 1959). Further, the effect of the polarization of ions has 
not been considered. Certain empirical changes can be made to account for this 
effect. Increase in thermal expansion due to polarizability of the ion can be parti- 
ally accoimted for by replacing C** with Cp. Also, on account of polarization, 
there is an arrangement of charge distributions, and there is some sort of distortion 
which accompanies the charge. Empirically the effect of this distortion can be 
taken care of if we rewrite our equation (16) as 





... ( 17 ) 


2 
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the correction factor 8 is taken to be proportional to polarization P such that 

S^ifxP) 

whore P is related to the atomic polarizabilities of positive and negative ions in 
the usual way. / is given value 0.033 for NaCl type crystals and 0.046 for CsCl 
type crystals. The results are given in Table V, where they have also boon com- 
pared ndth the experimental values. A fair agreement is seen between the two 
values. 

The results of the calculation described above show that the use of the Lennard- 
Jones (12 : 6) potential form for the ionic crystals is not in conflict with the find- 
ings from the use of the original Born equations or its later modifications and des- 
cribes the crystal properties to practically same degree as the latter, and there is 
very slight discrepancy between the results from different determinations. The 
discrepancies become more pronounced as m'o proceed towards lighter alkali 
halides. And hence as, for the inert gases and simple near-spherical molecules, 
different properties can be explained in terms of a single potential in inverse 
powers of the distance (i.e. L-J 12: 6 potential), it is possible to describe the various 
properties of ionic crystals, particularly of heavier compounds (high polarizabi- 
lity) by the use of the same simplified potential, even though the absolute com- 
putations of properties cannot be termed as better than the previous determina- 
tions. The deviation is further reduced if we also consider the dipole-quadrupole 
term IP-^, for these crystals of heavier compounds. 
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ABSTRACT. An electronic analogue mi^iplier using dead*band type nonlinearity 
has been described. The multiplier can be readily set up by using standard operational ampli- 
fiers and a triangular wave generator. The static and dynamic accuracies of the multiplier 
are very high. 


INTRODUCTION 

In analogue computers the product of two machine variables X and Y is 
obtained using mainly two different types of electronic multipliers. These are 
either time-division or quarter-square multipliers. In the latter case mostly 
diode function generators are used for approximating the square-law characteris- 
tics. 

The static accuracy in a multiplier using diode square law function generator 
is limited by the total number of straight line segments approximating the square 
characteristics in any quadrant. In order to increase the accuracy the number 
of straight line segments have to be increased, with a consequent increase in the 
number of diodes. The upper limit in static accuracy in such multipliers can 
be obtained only after careful adjustment of the circuit. 

The static and dynamic accuracies of a time-division multiplier are com- 
parable to those of other linear computing elements used in an electronic analogue 
computer. The performance of such multipliers has been much improved by 
using the excellent switching properties of transistors (E. Kettel and W. Schneider, 
1961; W. R. Seegmiller, 1962). Thwe features have made time-division multi- 
plier very popular. 

In the present paper, we shall describe a multiplier in which basically the 
principle of Quarter-square multiplication is used. In the circuit described, the 
squaring of the input signals X and Y is obtained by feeding a symmetrical 
triangular wave of high repetition frequency along with the signals X and Y 
into a i^mmetrical dead-hand type nonlinearity. (Norsworthy, K. H., 1964; 
Mayer, R. A., Davis, H. B., 1966; Bengt, Jiewertz, 1968; Gomperts, R. J., Righton, 
D. W., Readshaw, D., 1967; and Philbriok Triangular Wave Multiplier). The 
multiplier has the advantage of extreme simplioity in its circuit arrangement and 
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it overcomes many of the major disadvantages associated with diode multipliers 
using quarter-square principle. The only additional equipment required, besides 
the other computing elements available in an analogue computer, is a symmetrical 
triangular wave generator of high repetition frequency. 


OPBRATINQ PRINCIPLES OP MULTIPLIER 

The transmission characteristics of a dead-band type nonlinearity is shown 
in Fig. I., 



eout = 0 —D <ei„<D 

= K(ein—D) D < e,„ 

= ~~D > ef„ 

where D is the dead-hand width, 

K is the slope of the dead-hand. 

If the input is a symmetrical triangular wave of amplitude J5( < D) mixed 
with a d.c. singal X, and the outputs from the positive and negative halves of the 
dead-hand element are added, then the average value of the output is given by 



( 1 ) 


If the dead-hand width is increased or decreased symmetrically by another 
d.c. signal Y, the average value of the output from the positive half of the non- 
linearity will be given by 

F,=|[5-2{D±r-Z)+(^:±^zI)‘ ] ... (2) 
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and that from the negative half by 

and the average value of the added outpift is given by 


( 3 ) 




Kt 


= K 


( 4 ) 


XTl 


Here is proportional to X and K ^ is the product term. Thus by adding 

a constant fraction |l— of X in proper phase with Fg, the product 

XY K 

T K is obtained. The scale factor of the multiplier is ^ . 

From the right hand side of equations (2) and (3), it is obvious that the product 
XY 

term K is obtained because F^ and F^ contains tenns proportional to 

{±5^"-"^)^ fl'Tod {± r+X)^ respectively. Evidently the output from the positive 
half or negative half of the dead-hand element can be used for the generation of 
a square-law function. 


The Multiplier Circuit 

Figure 2(a) show^s the! general circuit arrangement of the multiplier in schematic 
form. The transmission characteristics of the dead-hand elements and N 2 
are shown in Fig. 2(6) and (c) respectively. The output from the dead-hand 




ft) CO 


Fig. 2. (a) Block diagram of the multiplier. 

(6) Traosn^oH oharaoteriatics of Ni. ( 0 ) Tr anami saion charaotenatios of Nj. 
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element will be obtained only when input signal is more positive than D. 
Therefore if B be the amplitude of the triangular wave, peak output will be equal 
(B^Y+X -D)K, Similarly, the output from the dead-band element 
will be obtained only when the input signal is more negative than D. The magni- 
tude of the peak output from iV'g (B±:Y—X—D)K, These two outputs 

along with a fraction — (l—DjB) of X is fed into a low-pass filter. The product 
tenn is obtained from the output of the filter. 

Dead-hand Circuits 

Figures 3(a) and (b) show the negative and positive halves of the conventional 
dead-hand circuit (Jackson). A is a high gain drift stabilised d.c. amplifier. 
Voltages + 1^1 ^'iid — are taken from stabilised sources and connected to the 
input terminals of resistances and Rvn respectively. The input signals Z, 
±7 and the triangular wave are connected to the resistances Rvi, Ryi RTi 
of the negative half of the dead-hand circuit and the signals X, ^ F and the 
triangular wave are connected to Rx 2 ^ ^Y^ Rt.^ respectively of the other half of 
dead-hand circuit. 

Static Adjustment of the Multiplier 

The equation (1) has been derived under assumption that the triangular 
w^ave is fed to an ideal dead-band element. This, in other words, means that in 
the circuit of Figs. 3(a) and (b) if and are eaual in magnitude then 



Fig. 3. (a) Positive half of the doad-band circuit. 
(6) Negative half of the dead-hand circuit. 


Resistances Ry^ be equal to RV 2 

RXt ” ’’ » RXz 

■®7i ,, ,, ,, RY 2 

,, ,, ,, RT 2 

Rnci ’’ ’’ ** Rnc2 

Rex „ ’’ ’’ Rc2 

and the gain of the adding circuit where the outputs from 3(a) and (b) are added 
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should be identical. But in actual practice it is very difficult to adjust so many 
resistances accurately. 

The average value of the output from^^an adder, when signals from the circuit 
3(a) and (b) are fed to its input points having gains and respectively, is 
given by V 



Equation (5) can bo written in the form, 


£lg„f = ... ( 6 ) 

The coefficients <Xa, ay, a^y, a^ and are related to the circuit parameters. 
If wo adjust the circuit such that the co-efficients a^ and a^ are zero then average 
value of the output is given by 

where a^', ay' and a'yy are the coefficients when the circuit has been adjusted 
for the condition a^ — a, = 0. The terms a^', a^'X and ay'Y can be balanced 
out at the output by feeding a constant term and terms proportional to X and Y 
in proper phase at the input of the filter. Erom expression (5) we find that 



( 8 ) 
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can be made zero if 

K^Rnr iRTi _ KifRnc2RT2 /g\ 

and ag can be adjiisted to zero by satisfying the condition 

K^RnciRTi KiJRnc^^T i (10) 

~'Ry? RY2^ ^ 

The coefficients and can be adjusted to zero independently of one another 
by controlling any two different resistances in the circuit. This method 

of adjustment has been found to be very convenient in actual practice. 

EXPERIMENTAL METHOD OF ADJUSTMENT OF 
STATIC AND LINEARITY CHARACTERISTICS 
OF THE MULTIPLIER 

The simplified circuit arrangement of the multiplier is shown in Fig. 4. For 
adjusting the coefficient ccj of the term to zero, a low frequency signal is applied 
to RXi and Rx^ of the dead-band elements and the inputs to the terminals of Ry^ 



Fig. 4. Arrangement of the multiplier circuit. 

and if? Fa are made zero. The X-balance potentiometer is adjusted to make the 
fundamental component of the output zero. If with this adjustment there is a 
second harmonic component of the X-signal at the output the variable resistance 
in series with Rt^^ is adjusted to minimise the second harmonic component. With 
the variation of RTx there will appear some fundamental component at the output. 
This fundamental component is adjusted to zero for each adjustment of RTx* 
By simultaneous adjustment of RTx and X-balance potentiometer the output from 
the system is brought below the minimum detection level. Now if the X-signal 
is varied between zero and full value, the output should remain below the mini- 
mum detection level. Any variation in the output witli the variation of X-signal 
indicates the departure from linearity of the X channel. The departure will be 
mainly due to the nonlinearity of the triangular wave. 



TABLE 

X = 45 volts peak. Y = 45 volts d.c. 

X-balance potentiometer reading for balancing the product output 
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The coefficient associated with P tonn in expression (6) is similarly adjusted 
to zero by feeding an a.c*. signal at the Y inputs and sinudtanefmsly adjusting 
th(^ }"-balance potentiometer and RYi. After oc^ has been adjusted to zero at 
a parti(?ular frequency, and output from the system witli the variation of F-signal 
frecpiency Avill indicate that the phase difference betwe^en the two Y input signals 
is different from 180'\ In the circuit designed, the variation with the adjustment 
in X or Y could easily be kept below 2 millivolts. 

For measuring the linearity characteristics of the multiplier a low freciaency 
signal is applied to the X channel and a d.c. signal is applied into Y ( hannel. Tlio 
F-signal is adjusted to different values. For each adjustment of Y inputs, the 
output is balanced out by adjusting the X balam^e potentiometer. For fixed 
values of Y input the fraction of A-input required to balance the output is cons- 
tant for all values of X input for a perfectly linear .multiplier. The Table 1 below 
gives the reading of the A-balance potentiomettu* for different values of Y signal 
for the multiplitT designed on the basis of this principle. The linearity charact(T- 
istic is not given in the conventional four quadrant figure, b'ince it has found 
that with mv accuracy of the measuring instrunient, there is negligibh* amount 
deviation from its linearity eharact('ristic8. Hence the linearity (*haractt‘ristic 
is given by potentiometer readings, required for balancing tiie product output. 

Dynamic Characteristics of the Multiplier 

If a d.c. signal is applied into one of the two inputs and a siiu^ wave to the 
other input, the bandwidth (3db, point of the output sine wav(^) of tiu' multiplier 
using 1 Kc/s triangular wave is found to be 30 c/s. Further studies are being 
made to increase tlie bandwidth of this type of multipliers. 

CONCLUSION 

The operation of the multiplier depends upon the square-law functions 
generated in the two halves of the dead-band element. Tluise squar(‘-law function 
generators using the dead-band element with a triangidar wave require least 
number of components and their static and dynamic accuracies will be much 
superior to those of biased diode type of square-law function generatfjrs. • Ob- 
vhmsly the? static and dynamic accuracies of the jnultiplier an^ better. The 
linearity of the multiplier, j)arti(nilarly in the lower signal range is good. Tlie 
bandwidth of multiplier can be increased by using very high frequency tri- 
angular wave and using improved filters. 

The multiplier is very easy to construct. In a standard analogue computer 
laboratory, having a single master triangular wave generator, a series of such 
multipliers can be constructed with usual analogue computer elements. 
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ABSTRACT. PrincipHl methods employed in improving the linearity of the output of 
a sawtooth generator are briefly deseribed. The non-lirearity eaiised by loading is also criti- 
eally examined. A technique developed to compensate for the non-linearity is then presented. 
It is shown that the technique also enables one to obtain a reverse (nirvature which may be 
of importance in case the sawtooth output needs to be amplified before it can be of practical 
use. 

INTRODUCTION 

Sawiiooth wavoforms having a high degree of linearity are required for a 
variety of purposes in electronic circuit applications. In current practice the 
Miller Integrator and the Bootstrap circuit have becojne standard methods for 
the production of such a linear waveform. (Cliance et nl., 194!) and Bedford and 
Stevens, B.P. 474623). Neither of these devices can howevt'r either preserve a 
good linearity of waveform in the presence of loading or give a w'aveforra having 
a rever.se curvature. In the present paper wo shall describe a fully transistorized 
arrangement that not only gives a linearity approaching that obtainable with any 
of the above circuits but is also capable of preserving tlic linearity oven in the 
presence of resistive loading. An additional feature of this arrangement is that 
it permits one to obtain a wave form liaving a reverse curvature that can be ad- 
justed smoothly to any assigned degree. 

The paper starts with a brief reference to the existing arrangements for obtain- 
ing good linearity and their basic limitations. The theory (jf c»peration 
of the proposed new arrangement is then outlined. Results obtained 
with a practical circuit based on the theory are given and discussed briefly in 
the concluding Section. 

A BRIEF RESUME OF THE EXISTING METHODS OP 
IMPROVING LINEARITY 

Normally, pentode charging gives a reasonably good linear waveform for 
all practical purposes. For precision work requiring a much higher degree of 
linearity, use is generally made of any one of the following : 

(i) inverse curvature of a valve characteristic, 

(ii) auxiliary time constant circuit and 

(iii) feedback, 
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A typical example using inverse curvature of a valve characteristic is the 
Bedford and Stevens^ method of linearization. In this method the con- 
denser is charged through a resistance to obtain an exponential waveform first. 
\ portion of this is then fed at the input of an amplifier whose characteristic is 
shaped and the input and anode load so proportioned that at each point on the 
dynamic characteristic, the anode potontfel is ecjual to the difference between 
the p.d. across the condenser and the potenftal required to produce a linear charac- 
teristic. Obviously, then tiie resultant potential difference between the condenser 
and the anode of the amplifier gives a swaep that is linear. 

A circuit involving the use of an auxiliary time constant is due to Hawkins 
(B.P. 511600) and is shown in Fig, 1. In this the product C3R2 is made very large 


ac. 

Supply y0l7A6£ 



A/W — 1 




Fig. 1. Sawtaath generator with auxiliary time constant circuit. 


HO that when tlie condensers C\ and C^. charged in series, acquires a voltage 
that is smaller than that across Again, wJien and are completely dis- 
charged by the switch, G^ still retains a charge owing to the large time constant 
^3^2* Therefore, at the beginning of the charging period. is charged both from 
tlK'. supply voltage and from 6^3. This continues till the potential across stops 
drooping and begins to rise again due to increased potential across The actual 
nature of voltage waveform across is thus approximately parabolic while that 
across and Cg exponential. The two may be made to cancel each other’s 
curvature so that upon taking the sum one gets a waveform which is linear to a 
very high degree. 

A highly linear sawtooth generator utilising feedback is due to Blumlcin 
(BP. 400976) and is called the Miller Integrator after the name of J. M. Miller 
who first observed the effect of grid- anode capacitance on the input impedance 
of a valve amplifier (Miller). The integrator is shown schematically in Pig. 2. If 
the amplifier be supposed to have a voltage gain of —.4 from grid to anode, the 
effective capacitance between grid and cathode becomes (l+A)^ where C is the 
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capaoitancc l>etM'eoii grid and anode. Thus, the integrating circuit at the input, 
consisting ol R and <df('etiv<dy becomes a circuit of very large time cons- 



tant. As such, vvitlt a scpiare wave drive the voltage swing obtainable at the 
grid of the amplifier is a very small fraction of the total supply voltage and hence 
the output waveform is extremely linear. 

Anothi'r form of a pr(‘cision .sawtooth geneiator using feedback, known as 
Bootstrap Circuit, is shoAvn in Fig. 11. The operation of the circuit may bo des- 



cribed as follows. If the cathode follower be supposed to possess unity gain, the 
voltage appearing across C also appears across i?j undiminished and in the same 
polarity so that the voltage across the resistance B remains constant. The cur- 
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rent through R therefore remains constant, (;harging the condenser C Jineariy 
with time until it is discliargcd ])y the switch T, 

Considering both the Miller and the Bootstrap Cirimits, it is implicit that tlie 
loading across the condensers must be completely absent as otherwise the expo- 
nential curvature would tend to appear. Neith(*r of these is capable of giving a 
waveform Jiaving a reverse curvature. As such with these it is not possibh^, by 
any simple means to compensate* for the exponential response of the amplifier 
stages whicli might have* to be used sulsiequeiitly under (certain circiunstances. 

T H E r II O r () S ED L 1 N E A R { S 1 N a CIRCUIT AND 1 T S 
T 11 E O R Y O E O P E K A I O N 

Current and voltatje in a ^hunt network : 

Th(* r(*levanc(* of (‘xamining the action of current through a parallel 
(‘OJiibination of R and C is obvious from the preceding section. Denoting 
curr(‘nt and voltage as fii fictions of time /. viz, i(t) and r(/) res})ectively as 
shown in Fig. 4, the relation between them is found to be given by 



Eig. 4. Shunt RC network. 


iii\ 

v[t) Kerne nr - dll - dt (1) 

wdiere K is a constant of integration to be fixed by initial conditions. 

It is easy to see from eqn. (1) that even if the charging current (it) be kept 
(constant tlie voltage w aveform across tlu^ combination of Fig. 4 does not increase 
linearly Avith time. As such, in order to obtain a linear saw'^tooth voltage across 
the combination, it is n(MH*ssary that the current i(t) should vary in such a manner 
that v(t) in eqn. (1) becomes linearly related with time. We discuss below^ a 
practical arrangement for obtaining the required functional dep(mdence of i(t). 

Schernaiic description of the circuit : 

The suggested method for linearising the w^aveform through charging a 
shunt R-'C combination is shown schematically in Fig. 5. This utilises a pair 
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of transistors, ono n — p — 7i and the other p — n — p. 0 and 72 in parallel 
with the admittance arising out of the loading effect of T 2 form the circuit 



Fig. 5. Schomatit; arraiigemeut for Transistor Sawtooth Gouorator. 

being charged by 7V In the absence of the feedback link marked D, delivers 
a constant charging current. As was mentioned before, this does not produije 
a linear waveform across C. With the feedback link, however, acts 
as an amplifier and i)r()vides a feedback current to Ti whi(;h is dependant 
upon time in such a manner that tlie voltage across (! ])(HU)mes a linear function 
of time. As ir evident, tlie arrangement under consideration belongs 
to the same family as that of Miller Integrator or Bootstrap Circuit. In contrast 
to thes(i latter devices, however, this utilises a feedback, the magnitude of which 
can be controlled smoothly over a wide range. It is then possible with proper 
increase in feedback to (*ven turn round the waveform giving a curvature in the 
reverse direction. 

Aiialysu of the linearising circuit : 

We adopt the following nota- tion in the analysis. 

: grounded-emitter current gain of 

: resistance in the base circuit of 1\ controlling the collector bias current. 

C : capacitance to be charged. 

B : load resistance across C\ 

* grounded-emitter current gain of Tg* 

: resistance in the emitter circuit of Tg. 

Bp : potentiometer on the collector of Tg giving variable feedback to 

v{t) : instantaneous voltage across C, 

A effective voltage amplification of Tg from base to the variable point 

of Bp. 

On the basis of the plausible assumption that the loading effect of Rf and 
on the amplification factor A is negligible, the collector current of may be 
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written as given by Av(t)IRf, ~Av{t) being the voltage feedback to Ty from the 
output of ^ 2 * Thus at any instant t, the 'total collector current in Ty is given by 


iit) 


Ai^t) 


( 2 ) 


where /q is the quiescent current in the collector of Ty and this is the net current 
charging the combination of the condeni)fer G and the effective resistance across 
it, viz, R and in parallel. Dcnotinig this effective resistance by R' and re- 
placing R by R' in eqn. (1) we write, 


?>(/.) - Kf 


t 


> L f 7 ( 

' G ' 


dl. 


or, v(t) ==. Ke +/^' | e ^ e. v(t)dt. ... (3) 

It w'oulfl l)(‘ oonveuliont to consiVlcT tlie solution of e(jn.(iJ) undtT tw'o separate heads 
viz (a) solution for the specdal ease when wo have an idc^al sawtooth waveform 
and (h) the general solution. 

(Condition for (jen^rafion of sawtooth imvpfortn. : 

For v(l) in eqn. (8) to l)e linear, v(t) — dl, wiien^ 0 is a constant determining 
the slope of the voltages swing. Thus eqn(3) becomes, 

- ' j -L 

Ot ^ Ke +IoR'-[- p J • v(t) • dt. ... (4) 

It ft. 

It can be shown from eqn. (4) (see Appendix) that the conditions for generation 
of sawtooth waveform is given by. 


AR' 

V 


- 1, 


... (5) 


and 

limiting (o) in (b), we get, 


Rf 


I„ ^ HG 


... ( 6 ) 


(7) 


Eqn. (7) reveals that tbc slope of the linear SM'eep is the same as would be 
obtained due to the charging of (' by a constant current /(, only. The feedback 
voltage at D appears just to have compensated for the loading across G. 


Oeneral solution : 


In order to obtain the general solution of eqn. (3) we put 

T = R'C, 


... («) 


and get upon differentiation 


dv(t) 

~W 



A \ /o 
Rfi'l C' 


... ( 9 ) 
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The solution of this equation is obtained as 


v(i) == Be, 




v(f) = lie \r it/c)^ + - ~ 

r/i -JL 

\ T ’ 


... ( 10 ) 


where B is a (constant of integration. As r(f) -- 0 at / — 0, (Hjn. (10) becomes, 


.. (IJ) 


v(t) — ^ 1 r ^ T RfC 

'■(' - - ) 


Using (8), oejn. (11) becomes, 


v{t)= .—A. . l-e (if' itf) C , 

\R' Rfi L 


... ( 12 ) 


which is the general solution required. The constant ^ 

justed to have a value positive, negative or approaching zero. Tliis ena})lo8 
generation of waveform as mentioned belov'. 

C(m 1 : U ndercompensated : 


When 


E'^ ^ R/ 


... (13) 


eqn(12) gives an exponential waveform with a slope falling with time, the maxi- 
mum value being given by — for t approaching infinity. 

/I A \ 


Case //. Critically compensated : 
In the limiting ease when 


E/ 


... (14) 
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eqn. (12) may be expanded retaining only the linear term in t. This gives 


v(t) == 


h 

a 


■t. 


... (15) 


ensuring a linear waveform having a constant slope equal to 
in oqn. (7). 

Case III. Overcompensaled ; 

When 


h 

C 


as deduced 


before 


1 

R' 



... ( 16 ) 


€^qii. (12) on being differentiated twice gives, 


dMO ^ _j.. h _ i- ^ • a ... (17) 

^ V \Rf R' / 

Inserting the condition of (16) in eqn. (17) we see that ^ is positive imply- 
ing thereby that the slope increases with time as shown in Fig. 6. The 



Fig, 6. Increasing slope with time. 

amplitude of the waveform will be limited by the time interval in between 
switching across the condenser, i.e., by the switching fre(iuency. 

We now proceed to describe some experbnental results in support of the 
relations dciduced above. 

EXPERIMENTAL RESULTS 

The complete circuit diagram of the experimental set up is shown in Fig. 7 
where (OC139) is the charging transistor, (OC72), the amplifier and 
(0044) the blocking oscillator for SAvitchmg the condenser C, the waveform being 
observed across it. The experimental results demonstrating the validity of the 
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relationship derived earlier for the linear eaSo viz, eqns. (5) and (7) are now 
outlined first. 



Fig. 7. Experimental arrangement for th<* Transistor Sawtooth Generator. 

Table I gives the observed slope as a function of the (*apacity C for Ig — 0.32 
ma. as well as the theoretical values of the slope as given by the equation, 

= ... (7) 

TABLE I 


Charging 
current lo(ma) 

Capacitanro 

C(ix/) 

Experimental Theoretical 
slope (wv/Msec) slope (mv/gsec) 

0.32 

0.05 

6.2 

6.4 


0.10 

3.2 

3.2 


0.20 

1.5 

1.6 


0.52 

0.6 

0.6 


1.00 

0.3 

0.32 


Columns 3 and 4 reveal satisfactory agreement betwwn the experimental and 
calculated values of the slope. 

Table II gives the observed slope as a function of the current Iq for C = O.l/if 
as well as the theoretical value obtained from eqn. (7). In this case also the agree- 
ment between the experimental and calculated values is found to be excellent. 

In order to seek experimental support for eqn. (5) it is necessary to express 
JS' and A in explicit form relevant to the circuit configuration as shown in Pig. 7. 
The effective resistence It' in this latter case is a shunt combination of JS and 
and is given by 


JR' = 

(fifRi+M) 


... (18) 
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TABLE II 


Cupacitanoo Charging lExperimontal TPieDretical 
C(/a/) cnrrent (mv/gsec) alope {nwlfiBeo) 


0.1 

0.67 


6.4 

6.7 


0.68 

K 

i 

y 

6.8 

6.8 


0.60 

6.0 

6.0 


0.42 

T 

1 

4.4 

4.2 


0.33 

*. 

3.3 

3.3 


0 . 2.5 


2.4 

2.6 


Also from Fig. 7, since the currents in the emitter and collector circuits of 
are nearly equal and so also th(^ emitter and base voltages, the gain at the collector 

R ^ 

of T 2 would be given by the ratio of the collector to emitter resistances, — 

Rj^ 

If Rp be tapped for a fraction y of tlu' total output voltage, the effective gain 
A would bo given by, 

A .y. ... (19) 

Using (5), (18) an<l (19) and rearranging one gets, 

iJ y ^ . ... (20) 

Eqn. (20) shows that for a fixed value of iZ/, iZ, R^^ and the product Rpj should 
be a constant for linear waveform. Tabic III confirms this result for iZy = 600 
ohms, R = 30Kq, iZ^ — 50 ohms and Columns 3 and 4 show satis- 

factory agreement between the experimental and calculated values of /Z^y. 
Referring to Pig. 7 and rearranging eqn. (20) 

y ^ IZ +A^ x .. (20a) 

Rf 

TABLE in 

Bpy Rpj 

Rp (ohms) y (experimental) (calculated) 


500 

0.013 

6.60 

325 

0.021 

0.82 

200 

0.026 

6.80 

180 

0.037 

6.66 

136 

0.048 

6.50 
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Columns 3 and 4. Table TV again sliow agreement between the experimental 
and calculated values of I based on (20a) with tlie following values of the various 
parameters : 

B = i30Kf2, /?2 ~ ~ ohms and ™ 325 ohms. 


TABLE IV 


Rf (ohms) 

y 

ytHf 

(experimental) 

ylltf 

(calrulated) 

130 

0.004 

0.31 yio=4 

0.35 XlO'"^ 

300 

0.010 

0.33 V 10-4 


600 

0.018 

0.30x10 4 


1200 

0.037 

0.31x10 1 


2400 

0.081 

0.34'' 10 1 


4700 

0.155 

0.33x10-4 



TABLE V 


Bl 

(ohms) 

R 

m) 

yxIO-T 

(exporiinoTxtal) 

yxlOs 

(calculated) 

50 

30 

21 

22 


14.2 

25 

25 


10 

27 

28 


7.5 

28 

30 


4.3 

37 

40 


TABLE VI 

B yxl03 yxl03 

(k Q ) (ohms) (experimental) (calculated) 


10 

19 

18.6 

30 

20 

19.6 

50 

21 

21.0 

m 

25 

24.0 

200 

30 

30.0 

800 

35 

36.0 


m 


30 



A Transistor Sawtooth QenercUor 


261 


Tables V and VI show th(‘. experimental and calculated values of y for various 
values of R and Rj^ respectively. The agreements on the basis of calculations, 
according to eqn. (20) are again S(«n to b© good. 



Fig. 8. UndorcomperiSiition. 



Fig. 9. Critical compensation. 
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Fi>?. KK Overeompensation. 



Lm©Er Bawtooth with inarkiarB* 
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It has been shown earlier that three cases corresponding to under, oritioal 
and overcompensation are possible. The j photographs representing them are 
presented in Figs. 8, 9 and 10 respectiveljiji The linear sweep of Fig. 9 is also 
displayed in Fig. 11 with markers in order |to illustrate its linearity. 

DISCUSSIONS 

X 

It has been seen with the proposed lircuit that three possible types of 
waveform may be generated. Though surperduous at first sight, the 
overcompensated case may i)e of oonsidera|ilo importance in linearising the ulti- 
mate waveform. For even supposing that a |ierfectly linear waveform is generated, 
it often needs amplification before adequj^ amplitude is obtained. 

If the amplifier includes a coupling network, as shown in Fig. 12, then for a 
linear current driving through the network, 



Fig. 12. Coupling network. 


d(p) 


0 


pC'eRo 


(€+pC^^) ’ 


- (21) 


in transform notations where (H has been assumed to be the driving current whosa 
transform is Taking the inverse transform of (21), 

p^ 




... ( 22 ) 


Thus (22) shows that oven for a strictly linear drive the output voltage becomes 
exponential. Therefore if the drive dt is given an initial reverse curvature 
(Fig. 10), the amplifier output will tend to compensate for this and deliver an out- 
put waveform having reasonably gowl linearity. 
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APPENDIX 


Wc rewrite eqn. (4) from the text for the sake of convenience. 

_ t t 

Ot^Ke ^ 


Ke v{t)dL 


Noting that, 


J e .m’dt = {OtR'C-dR'H^)e 


t 

H*C 


( 1 ) 


eqn. (1) becomes, 


Ot = Ke -- (OtR'C-dR'^C^). 

ItfV 

Putting < = 0 in eqn. (2) one gets, 

From (2) and (3), 

d • t+R' ( /„- 


ei 


Thus identity (4) gives the conditions for linear sweep as 

AR' 


R, 


= 1 , 


( 2 ) 


( 3 ) 


( 4 ) 


( 6 ) 


and 


r __AdRV 


( 6 ) 
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A SIMPLE COMPUTER Foi FOURIER ANALYSIS 

AND SYNtHESlS 
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I.I.T.. KhaIagpub 

I 

(Received Februa^f 7, 1964) 

ABSTRACT, Three methods of computin|^ F()Drier coefhciontB by simple circuitry 
have been investigated. In the two Digital Soh^os for evaluating Cos 6^* or 2fj Sin Bj 
the Sine/Cosine translator is a solocting-cum-marfer circuit using either two-motion electro- 
mechanical switches or diode matrices. The tranflftated digits Cos Bj are read out in the 

form of pulses, each of which again generates /j pulses by triggering preset multivibrators. 
The sum is then obtained by counting all the serial pulses in a reversible counter. The trans- 
lator is further simplified in a Hybrid computer, where analogue voltages proportional to 
Cos Oj/Sin Oj Bxidfj are multiplied in a semi-digital form, and the output is again in the form 
of a number of pulses proportional to the product. 1'hese methotls are easily extended to 
two- and tliree -dimensional problems. An accuracy of 1®;, or better is easily obtained in the 
Hybrid computer, and the speed of operation, normally about 500 per hour, depends on the 
input circuits feeding 0j and fj. 

INTRODUCTION 

Many applications of Fourier Series and Fourier integrals are found in all 
branches of science and engineering, and in most practical cases, numerical methods 
have to be used to evaluate the Fourier <*oefficients. A periodic function f{0) 
may be represented as, 

f(0) = cos b„ sin nO 

1 Sir 1 Ztt 

where, a = ^ J f{0) -dO; a„ — - / f{0) ■ cos nd • 

2ir 0 ^ 0 

and = A J f{0) • sin nff'dO. 

n 0 

When/(0) cannot be expressed in an analytic form, the above integrals are replaced 
by equivalent summations for numerical computation. Thus, cither the synthesis 
of f{d) from the given o's and 6's, or the analysis of/(<?) in terms of the a's and i's 
require the determination of the sxim of a series of the form "Z/f cos Oj or 
S fj sin Oj, 

Many meohanieal, electromechanical and electrical instruments, viz., Harvey 
Harmonic Analyser, Cathode ray tube, Wave analyser, Spectrum analyser etc. 
(Manley, 1945), have been developed to aid this numerical computation. The 
problem may also be solved very accurately in a general purpose Digital computer, 
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but such a machine is not available to all workers. It has been the purpose of 
the work, reported here, to solve tlie problem with much simpler ciromts, but 
at the same time retaining some of the advantages of modern digital and 

analogue techniques. 

PRINCIPLES OF COMPUTATION 

The main problem in Fourier analysis or synthesis is to numerically deter- 
mine the summation cos 6^ or sin 0^ for various values of h and 0,. The 
problem, then, consists of three parts, viz., (a) Determination of Cos djlmn djhy 
some method of translation, (b) Multiplication of cos Oj/Bin Oj by Jj, (c) Summation 
of the series, as indicated in Fig. 1 . These functions may be done cither by digital 





Fig, 1 . Bloch Schematic of the Cofnpater. 

or analogue devices. The digital translator may be of electromechanical or elec- 
tronic type. The input to the system may be stored by positioning some two- 
motion switches, and the translated digits may be retransmitted by impulse 
senders according to preset codes as is used in the Directors of a large automatic 
exchange. (Atkinson, 1955). The preset code 3 nay be changed, when required, 
by some rearrangements in the Translation field only. Using .i-digit values of 
the translated 3-digit values of cos OjlmnOj are transmitted to the multiplier 
in a serial order as shown in Fie. 2. To make the translator faster, electronic 



Fig, 2 . Translator using Electro-mechanical switches, 

circuits analogous to the above may also bo used. Fig. 3 shows such a circuit, 
where the digits of 0 are stored either in a bank of decade counters using dekatron 


r |4Mir« 


mwar 




'Si 


Fig, 3 . Digital translator using electronic devices, 

tubes or in flip-flops. The marked loads of the counters operate a selecting circuit 
and one output lead is energised. This in turn will mark th^ corresponding out- 
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put leads of the marker matrix equivalent to the translator, and the marked loads 
will indicate the value of cos^j/sin The’ electing and marker matrices may 
be designed with either cold-cathode g^-diseharge tubes or diodes (Flowers, 
1952), and the impulse senders may he pres(^ triggered-multivibrators giving a set 
number of pulses corresponding to cos /sin 0^, 

The analogue translator may be a Dicxjfe-function generator or a survosystem 
using sine/cosine potentiometers. A simpler|Btnalogue sino/cosine function genera- 
tor has been developed using the sampli]% technique, as seen in Fig. 4. Here 
9j is represented by a varia})]f‘ voltag4which in turn varies the position of a 



Fig, 4. Analogue translator using Sampling techniques, 

sampling pulse with reference to the zero of a sinusoidal wave fed to the 
sampling gate. Tlie sampled value will correspond to sin^^/cos^j- and is trans- 
ferred to the multiplier through a suitable clajnp. 

Since in simple calculations, r/ 2-digit or 3-digit accuracy in oohOj /sin 9^ and/, 
would be sufficient, it is not necessary to use the eompli(*ated multiplying circuits 
required in standard digital computers. The stjrial pulses obtained from the 
translator-sender may be multiplied sequentially by generating a preset number 
of pulses corresponding to fj for each pulse of cos d^lain Oj, The total number of 
pulses, if counted, would represent cos Ojlf ^sin Oj. This may be accomplished 
by presetting the triggered multivibrators with fj and by allowing the MV’s to bo 
triggered once for each input pulse representing cos <?j/8in 0^, as shown in Fig, 6. 



Here the inputs y^ trigger a series of Jf F’s which are controlled by auxiliary 
counters to produce a predetermined number of pulses according to the Binary 
code. The output from the MV*s are then controlled by a diode matrix preset by 
the codes otfj and only those ilf F’s which combine to form the number in fj are 
allowed to transmit their pulses to the final counter. Thus each pulse in yi yg y^ 
will send fj pulses to the counter. Instead of using Binary-coded triggered 
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JIfF’ft, wc may also use auxiliary decade counters in the feedback loop of the 
F’k so as to control the number of pulses given by them and the counters would 
be preset by the digits in/j. 

Many types of analogue multiplies are in use, e.g., the multiplier using simul- 
taneous amplitude and width modulation of sampling pulses, the multiplier using 
amplitude and frequency modulation of a sinusoidal carrier (Aiken and Susskind, 
1961). Tlie latter method is quite simple in circuitry and the J’Jf -discriminator 
may be either a speidal lu^twork having the required slope-frequency characteristic 
(Tuttle, or a standard Foster-Seely circuit. The circuit may be further 

simplified by using a freqiumcy- controlled if F as the carrier to the yl if -modulator 
and the output simply detected by a diode and an iiC-filter. This method, shown 
in Fig. 0., has the defe(;t that the output is not simply but has some constants 



Fig, 6 . Analogue multiplier. 

and varying with fj and cos Oj., and would require cancellation by suitable 
varialdc voltages. The problem bas been effectively and simply solved by the 
Fn'quency- Counting multiplier shown in Fig. 7. M'horc/^ controls a gate circuit with 



Fig. 7. Frequency counting mvltiplier. 

a pulse of variable width = b^fj and pulses corresponding to osj co80j are passed 
through the gate. The number of the output pulses is then proportional to a^bi 
fj cos Oj, which are finally counted. The method has the added advantage that by 
using reversible counters (Churchill, 1952), ± sign of cosOj may he taken care of 
by making the counter to add or to subtract in response to a trigger from the 
translator. The summation of the series cos Oj is done most conveniently by 
digital methods using either a Binary or a Decade counter, and standard circuits 
are used for the pupose (Lesslie and Narin, 1962). 

DIGITAL SCHEMES 

Based on the principles of Figs. 2 and 5, an electromeohanical digital computar 
is shown in Fig. 8, where the values of Oj and fj are assumed to be of two digits 
each. The circuits may be easily extended for more digits in <9^ and /j. The dialled 





A Simple Compvter for Fourier Analysis and Synthesis 269 

digit Xj of 0j drive a two-motion selector switch, similar to a Final selector 
in an auto-exchange (Atkinson, 1955), a^d mark a particular contact on the 
P-bank with fuU earth. All the contacts the P-bank are connected to the 



Fi(j, 8. A OompUk Electro-mechanical Computer, (Translator cotxrecttcn shown for Cos 30^=0.87). 

Translation field siicii that Xj Xg idtiniately earth a pair of predetermined 
vertical wires connected to the outlets of /Sj and 8^ (e.g.. for the wires 

8 and 7 are earthed as shawm in the figure)). Along with the selection of 
Cos the other wipers of the selector operate the relay IG and IG^ starts 
the uniselector magnet 8i, wiiich hunts through its oAvn interrupter contact 
for the earthed wire (say, no. 8 in the Fig.). When the wiper reaches the 
marked wire, the UjSSi stops due to the operation of SX and UfS 8^ 
starts hunting due to the operation 8Z, 8^, in its turn stops wiion the 
marked wire is encountered by the wiper 8^ The uniselectors are brought 
back to normal by the homing arcs 8^/^ and iSjja 'vhen 10 is released. During 
the impulsing of 8^ and /Sj, the relays and send the translated digits 
FiTa sequence and the pulses actuate the triggered multi- vibrator MVi 
repeatedly. The multivibrators MVi and MV^ are preset by the dialled 
digits corresponding to fj so that each pulse flue to and pro*, 
duces (P 1 +P 2 ) pulses at the output of the MV% and the final decade counter 
counts and stores them. The dialled pulses PiP^ actuate two UI8's Ui and 
and position their wippers accordingly to control the number of pulses sent out 
hy MVi and MV^ each time they are excited by Yi or 
counting the' output pulses by an auxiliary decade counter using Dekatron tubes 
(0X.Aip:flQp^), and stopping the MV when the marked cathode sends a stop pulse 
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back to the MV. The stop pulse via for MV^ starts MV^ and finally MV^ 
stops due to a stop pulse via from its own counter. Duo to the controlling con- 
tacts SZ^, SZg and SZt, the pulses are fed to the Hundreds’ position and the 
pulses pg to the Tens’ position of the counter. Similarly the pulses F, p^ and 
Fj Pa Ten’s and Unit’s positions respectively. The ambiguity of 

± FiFa for cos ffj: may bo taken care of by using a reversible counter (Churchill, 
1952) f(u the final summation. In Dekatrons, reversing the drive changes the 
direction of rotation of the glow and addition or subtraction may be done by simply 
changing the flrive circuit. To affect this a<ldition or subtraction, a control signal 
is obtained form the translation field and either the direct or reverse drive circuit 
is used to store the digits Vi Pi, Fa Pi. Y^p.^ and FaPa. Thus (±Fi Y^xfj) 
= fj cos Oj ; pulses are effectively stored in the final counter. The selector circuits 
may be released by an auxiliary contact in the dial and the operations repeated 
in a serial manner. 

For an accuracy of two decimal places for dj and /^, one two-motion selector, 
four uniselectors along with the auxiliary circuits and final counters would be 
required. Since the [7/6”s normally can give about 50 pulses per second and dial- 
ling requires about 2 seconds per digit, it will be possible to do about 350 summing 
operations in an hour if one can dial that quickly. The speed of Jlf F’s would 
be about 2(M)0 pulses/second as it is necessary to send at most 20 pulses to the 
counter for each pulse due to or M^. For three digit values of Oj anf /y, ten 
two-motion selectors and seven U /iSf’s would be necessary. The values of S/y cos dj 
may be recorded (Das, 1959) if required by a ‘readout’ circuit and an electrical 
typewriter at the output of the final counter. 

All-electronic digital computer 

It is possible to replace the electromechanical storage and the selecting circuits 
of the above scheme with all-electronic circuits, as shown in Figs. 3 and 9. Here 
the dialled digits for Oj are stored in a sequence in the ring counter M-y and 

w'hich are sequentially gated by the cold-cathode trigger tubes and 
(Flo^vers, 1951). The outputs of and control a diode-matrix Di so that a 
single output of the matrix is energisecl and the translated Cos dj ; is represented 
by an output F^ F^ of the cross-connecting field. This output, in conjunction 
with the feed-back from the auxiliary counters and Jlf^, causes the marker 
matrix Dj to send stop pulses to multivibrators MV^ and MV^, which are 
initially triggered by a start signal from T, synchronised with the translation 
of Xi to Fi Fg. Thus MV^ and Jlf Fg., controlled by these start-stop signals, 
transmit the translated digits F^ Fg in a serial form to the multiplier unit. 
The ring counters M^, M^, and M^ are reset before the new values of Xj Xj 
are fed to the transactor. 

The multiple unit is similar to that of Fig. 8, and the ring counters Jtfj 
and Jf# are preset by the dialled digits Pi pg corresponding to fj. The pulses of 
Fi F g repeatedly triggers MV^ (p,r.f. approx. 20 times that of MVj) which sends 
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out to the counter for each input pulse. It is possible to use the 

same MV^ to send out pj and pulses if the reversible ring counters (Dekatron) 
and are ])resct by p^ and p^ through direct drive circuits (equivalent to 
addition) and are reset by the. pulses from MVk^ through reverse drive circuits 



(equivalent to subtraction) so that the stoj) pulses are always generated at the first 
cathodes of il/g and il/g, The counters and are controlled by the gate 
60 to allow th(ur ()})eration in a se(|ucnce, and th(‘ gates (/j, and are synchro- 
nised so that pro])er inputs are fed to th(‘ final counter in proper sequences i.e. 
■^1 P\ Hundnuls’ position, p^ to thi* Ten’s position etc. The final 

counter is a reversible one, as explained in section 3, and the addition /subtrac- 
tion is controlled by a signal from the translation field. 

The circuit of Fig. 9 is for two-digit values of Oj and fj and may be extemled 
to three or four digit-values by using additional counters and larger diode matrices. 
For two-digit values, approximately ten decade counters and 500 dicxles with their 
associated control circuits would be required. For 3-digit values, 13 counters and 
700 diodes w'ould be necessary. For Dekatron counters, the speed of counting 
is about 4-20 thousand pulses per second, but using hard valve circuits, higher 
speed of counting may be obtained. Thus the number of summing operations 
that can be performed in an hour mainly depends on the input .circuits feeding 
the values of 6j and fj. With dialled inputs, about 8 seconds would be required 
to feed the digits and not mote than 500 operations can be done in an hour. The 
6 
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speed of operations may be improved by feeding the digits tlirough punched 

tapes or such other faster devices. 

A HYHKID OOMPUTEK 

The principles of a hybrid computer has been sliown inTigs. 4 and 7 . A complete 
block schematic of th(' computer, along with the different timing waveforms, 
is shown in Fig. 10. The inputs Oj and Jj are in the form of caUbrated voltages 



Fig. 10. An all-electronic Hybrid comput*ir, (b) Tho Timing wavefoims 

(a) Block Schornatie of the equipment. of different circuits. 


which are clamped by the ‘Boxcar’ circuits and C'g.The variable delay genera- 
tors DLi and DL^ arc Phantastrons with controllable mean delay so that tlui 
Sine/Cosine wave form /g and the (hdayed pulses /g, and/g are properly synchro- 
nised. The translati(jn of Oj to cos 0^ is obtained by the combined operations of 
the ‘Boxcar’ 6’.,, FM oscillator and frequency changer, and the pulses is pro- 
portional to cos Op I'he width of the gate pulse is controlled by/j and the 
output of the gate 0^ is b^fj qohOj = pulses which are counted and stored in 
the final reversible counter. 

The characteristics of the laboratory model of this computer have been 
quite satisfactory, as is seen in Fig. 11, where the linearity of the component 
circuits are shown. The ‘Boxcar’ and the phantastron circuits are quite linear 
and the maximum error in them is within ±2%. The FM output p^ varies 
from 0—20 Kc/s with = 70 Kc/s and is suitable to obtain 100 pulses for a 
gating pulse /y = 6 msec and cos = d:l. Assuming that 6 msec, corresponds 
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to/j= 100, tliere will be a single pulse oiitimt for eos t^rj-.Ol; and for 
/y = 50/^ 8e(!., (corresponding to fj -- 1 , tlicre will be only one pulse for cos 0^ — ±L 
Thus the accuracy in the multiplier would be abemt ± 1 %; but this may be 



•• l/s/PiJT 0J 4V volts 


Fig. IL TAnearity charaoterist^cfi of the Component circiih^ in (he Hybrid Computer, 
(a) Input Oj VH. output voltages co of tlio Boxcar and th(^ associatcid amplifiers. 



— ^ /N^i/r 0/ /'v VOLTS 

Fig. 11. (i») Variable of pulee width di of the phantastron with 0j 
(minimum d\ «sl.6 ms. for 0y®=O). 




274 


J. Das and P. Dasgupta 


furtlier improvod \fp^ varies in a liiglicr freqiieiicy range, say, from 0 200 Kc/s. 
The overall translator-multiplier characteristics are shown in Fig. 12 for some 



ao £ a, Cos &j t^'oers 

Kig. 1 1 (o) Variation of the fre<juency po of the FM oscillator and the boat Iroq. 

Pi =(po—Ju)’ with input = (oo± Or cos 0^). 



Fig. 12. Overall characleristiai of the Hybrvl Computer shown in Fig. 10. 

The counter outputs aro for different 0^- in degrees for /j =98, 61, 43, and 11. 

Errors isj;!. 

values of fj, and it is seen that the products /j cos are within ±1 of their 
correct values. 

The calibrated voltage inputs dj and fj may be fed through push-button 
keys connected to a potential-divider chain. Two rows of keys, one for each digit 
in djlfj, may be coupled through an adding circuit to give the two-digit values 
of the inputs. It is also possible to feed the inputs through two dials and the digits 
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stored in ring counters as is done in Fig. 9. The cathodes of the ring counters 
in Fig. 13 are connected to the adder through a suitable weighting network such 



Fig. 13. Method of dialling the input to the Translation of Fig. 10. 


that the added output is proportional to the dialled input Bj. On completion of 
the storage (Flowers. 1951), a third gate feeds this added voltage Oj to the trans- 
lator in Fig, 10 . At the end of each summing operation, it would be necessary to 
discharge tlie clamps C\ and (\^\ this is done by using a recycling pulse generated 
from the trailing edge of the gate pulse /g or/ 7 . If whole system is synchronised 
with 50 c/s mains, then a single oyjeration would be complete within 20 msec. 
Thus it would be possible to perform about 3000 operations per minute if the in- 
puts can be fed at such speeds. The speed is then mainly controlled by the input 
c ircuit and would be restricted to about 500 operations per hour using common 
telephone dials. 

An extension to tlie two- and three- dimensional problems. 

In many physical problems, it is necessary to evaluate the summation 
2 /^ cos 27r {hXj-\-kyj~\-lzj) or 2 /^- cos 2n(hXj-\-kyj) and the input 6j to above computer 
has to be predetermined in terms of two or three-dimensional functions (hxj-]rkyj 
-i-lzj). If required, this may also be instrumented with circuits similar to those 
already discussed. Two such circuits for the two-dimensional case are shown in 
Fig. 14, which may be connected ahead of the relevant computers. The digital 
circuit of Fig. 14(a) is dial-controlled and uses the multiplier and adder similar to 





Fig. 14. Extension of the technique to two-dimensional problems. 
(a) Digital multiplier — adder for fun tions (^-f^). 
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those of Fig. 9. The adder-counter M can now replace the digit-store Mi and 
of Fig. 9. and the different digit signals (positive or zero voltages) may be directly 





1 


r 





Mr 


Jrt 


Fig. 14(b) Hybrid miiltiplier-adder for (hX'\‘ky), 


fed to the selecting matrix D^. Tlie readout gate is operated after the required 
addition is completed in a manner similar to the generation of the start signal to 
MVj from Tg of Fig. 9. 

The hybrid circuit of Fig 14(b) uses the multiplier and adder of Fig. 10 and 
{hx^-\-kyj) is stored in the counter M, Since the input Oj to the tranlator is an 
analogue voltage, the counter output is taken through a digitabto-analogue 
converter similar to that shown in Fig. 13. The dialling arrangement of Fig. 13 
may now be used to feed A, A, x, y to the above auxiliary multiplier-adder. 


CONCLUSIONS 

Three simple and practical computing schemes for determining the Fourier 
coefficients have been stiulied, and the hybrid computer lias been found to be 
sufficiently acurate (yithin about 1%) for general calculations. For higher ac- 
uracy and speed, the simplified digital computer may be used, although the speed 
is mainly dependent on the input circuit. The scheme with electromechanical 
switches is quite attractive and cheap, but careful maintenance of the equipment 
would be required for continuous operation. The electronic digital scheme uses 
about 700 diodes, 13 decade counters and associated control circuits for 3-digit 
values of and fj, whereas for 2-digit values of the variables, 500 diodes and 10 
counters are necessary. The hybrid scheme, using 5 gates, FM and Width- 
modulation circuits and controls, would require about 40 tubes, and a summing 
operation will be completed in 20msec. The values of Oj and /j may be 
fed through punched tapes or by simple dialling, and it will be possible to have 
about 600 operations per hour by using ordinary dials. 
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ULTRAVIOLET ABSORPTION OF CHLORATE BROMATE 

AND lODATE IONS 

A. MOOKHERJI akd S. P. TANDON* 

Physical Labokatories, Btjbdwaji University, 

Burdwan, W.B., India, 

{Received May 15, 1964) 

Chlorate, bromate and iodatc ions arc known to have pyramidal structure 
with Cgfl symmetry (Herzberg, 1960) in centrast to planar structure with 
symmetry of nitrate and carbonate ions (Tandon, 1962), Study of electronic 
structure (Pauling, 1960) of chlorate ion reveals the presence of charge on the 
chlorine atom, similar to that on nitrogen in nitrate ion (Janz and Mikawa, 
1960). The difference in symmetry, structure and charge distribution, demands 
that the absorption spectrum of chlorate and carbonate ions should not be 
similar. The ultraviolet absorption spectrum of chlorate bromate and iodate 
ions has not been studied in details. Consequently, the authors with improved 
techneque (Tandon, 1961) made a close study of the absorption spectrum of 
these ions in about ten salts with a UVISPEK spectrophotometer, scanning 
the spectrum at an interval of 3.5 A in the region 1860 A to 3600 A. Aqueous 
solutions at different concentrations of the chlorates, bromates and iodates, 
studied, showed one intense band at about 2000 A. 

The band-width of the band is almost the same for all the three ions and 
is 10* cm~^, which is nearly the same as that of the nitrate ion (Mookherji 
and Tandon, 1962). Hence it may be inferred that the excited state of the 
transition giving rise to the band is due to an antibonding orbital. (Jorgensen, 
1962). 

* Now in Physios Department, University of Jodhpur, Jodhpur, jEiajasthan, India. 
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The oseillator wtrength P, lik-h is a nieasiin* of the init^nsity of t)ie band, 
was calculated following Jorgensen (1954) and Jaffe and Orchin (1902). which 
conies out 10 ^ suggesting t\w band to be due to an allow ( hI transition. 

Following Tanabe and Sugano (1054) the transition probabilitii's wcn^ 
calculated from the P values. w'hi(‘h also indicate tlie transition to be an allowed 
electronic one. 

Constructing molecular orbitals of 20 valence electrons as LCAO a])})ropriate 
to the point grouf> by tin* nudhod suggested by McClynn and Kasha (1950), 
this may be assigned t<» the transition which raises an electron from weakly 
antibonding orbital on oxygen atoms to a sla*ongly antibonding orbital on chlorine, 
bromine and iodine atoms in chlorate, bromate and itxlatc ions respectively. 
The shift of tlie band towards shorter wavekmgtli (blue shift) coupled with 
increase with intensity and rlecreasc in baud- w idth with progressive dilution of thi^ 
a(|ueous solution exhibits electron transfer speadra (diaractcristics. 
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MOLECULAR ORBITAL THEORY OF THE MAGNETIC PRO- 
PERTIES OF THE TETRAHEDRAL COPPER COMPLEX, Cs^CuCl^ 

]{. CHATTKRJEH. S. LAHIRY. V. S. (iHOHH aiu] S. MITRA 

Dkpmitmkn’t of Macjnettsm, 

JxniAN AssO(’IATION for the (’rLTIVATION OF S(JKN(’ES, .!a1>AVIM H, CaH rTTA-:i2. 

It has (HTurml to us that studies of the nia^nidie Ix^liaviour of tetmlu^dral 
coiuj)J(‘xes of the first trausitiou series elements, \vln(*h hav(^ reeeivi‘fl very little 
att(‘iition (uuujiared to the eorrespoiiding oetaluMlral ones, would he of interest. 
And, in this direction, we have derived the theory of magnetic susce])til>ilitv 
and anisotropy of a tetrahedral (dipper (IJ) coinjilex, on tin* l)asis of 

molecular orbital theory of \'an Vdeck (19110), Steviuis (lOolI) and Bosi ' d <t1 (lilhO). 
The X-ray determination of this com]>l<‘X by Helmhol/ and Kruh (I9r>2), :and 
of Morosin and Lingafelter (lObl) indicate that tlu' ttdraht'flron has a tidragonal 
distortion along the line joining the midille points of tlu‘ oiipositi* (‘dg(‘S of tlu* 
tetrahedron. 

The -/) ground state of the free Cu‘^^ ion is split nnd(‘r the eidiic ti(‘ld into 
a lower lying orbital triphd. '^T^ and an upper orbital doubled -K si*parat(nl by lODcp 
since the works of Gorier (19:12), Van Vleck (1032) and Ballhausen have 
shown that tin* stark pattern for a tetrahedral complex is inv(*rted with resp(u*t 
to an octahedral one. Further, the overall cubic st*paration is 4/0 times less which 
makes it necessary to consider the effect of upp(*r orbital doubl(‘ts through the 
second order spin-orbit coupling. Now operating on the approjiriate orbital 
states 

l4-> -- -^A\xz> +i)?/2> J 

V- 

l-> - \A\xz> ~i\yz> ] 

V- 

|0> \xy> 

following Stevens (1953) 
wiiere 

\yz — ^ 2 / 3 )}] 

\xz>~ \\{Tix^-\-nxi~‘nx3—'nxA] 

\xy >= 7r*.)-v/g(7ry^47ry,— TTyj— Try,)}] 
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are taken from Wolfftber^ and Hehnholz (1952) in whioli N is tin* normalizing 
factor and A is a measure of the amount of mixture of ligand /^-orbits v\'ith the 
central Cu“^ r/-orbits, with tlu* appropriate Hamiltonian 

^ tctroffonai I 1 j ) 

where u.s is the spin-orbit iriteracijon term and for a f/-hole u is identical with 
{;L, we get thre(^ krainers doublets and their (‘nergies vvluTe. 

<C *f 1 2 1 + > ~ — < — 1 ^^2 1 > = C' 

< -f I _ 1 0 > — < — j // , 1 0 > \/2f j. 

and, also 

< + I 1^2 1 '1 > ~ — •< ■ 1 ^^2 1 ^ > ■ ' ^'1 

<4 I L__ |0 >:^ <: - \L^\{) 

Operating on these KranuMs doublets with th(‘ magnetic pertur])ation, tlu^ 
(‘Xpnvssion for ionic suseef)tibility (A',-. I — or ^ to thi‘ t(dragonal axis) has Ix'cn 
deriv(‘d which is a com])licated oiu*. The experimental values of susceptibility 
and anisotropy as nu'asured Ix'tween 3()0®K aiul 90 K (‘ould be fitted with the 
th(‘oretical (‘xpression with the j)anneters given in tla* table. The value of A is 
to lx‘ changed from 145 109 cm ^ with temperature whicli has also been ob- 

serv(*d with many other octaluxlral compk^xes too (Hosi‘ c/ al 1900, 1901, 1903). 
The orbital nxluction factor k, which takes into account tlu^ eff(*ct of the admixtun^ 
of metal r/-orbits w ith ligand p-orbits and the s])in orbit coupling c(H‘fficient 
Avhi(‘h is to be reduced from the free ion value of 82S cm b partake the asymmetry 
of the ligand held. 


TABLE 


id -SOOcmi k -0.97 lODq .0000 ciifi 

i'l - ">50 ciir 1 k'± .S9 (PappaUirdo, 1901) 


'feunp. °lv 

Angulur 

panimoter 

Acm’4 

{k -A-x)xl0ii 

k\]0^ 

^kaii SU8C, 

300 

y2 .(i4s7 

145 

532 

1090 


a2 .3517 


(520) 

(1680) 

200 

y2 .-_ .0576 

120 

701 

2387 


a-*-= .3382 


(099) 

(2420) 

90 

y2 .0745 

100 

1184 

5267 


a2 - .3268 


(1170) 

(5321) 


^ — tetragonal field separation of the lowest cubic level 2 To* 
The values in parenthoses are the experimental values. 
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D.Se., F.NJ. h)r eriticism and a many valuable diseussions. Of the authors 
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ON THE ANGLE OF INCLINATION OF THE EQUIVALENT 

LIGHTNING CHANNEL 
jr. BiTATTAOHARYA and MANORANJAN RAO 

DePAIITMENT of PuJlE PHYjirS, CaLCHTTA UNIVRUSri'V 
(Received May 2, lOIU) 

ABSIRACT. It is shown that in tlio case of wavclonns of j(^fk>ctc(l type of compara- 
tively near origin, hu estimate of the angle of iadination of the (‘(piisah'ul lightning <-hannel 
ran ho by meastiring tlio relative amplitudes of the successive orders of reflection. The 

c aliTil at ions liave been carried out for four typical refltMdcd types of the waveforms. Some 
of tlio ('haractt'nstics of these wax eforrns iiki’ the phasc-reversal, hav«' been account t'd for. 

I N T K () 1) ViT I () X 

Tlio n^laiive ainplitinles of the sky pulses sucet^ssivt^ly retl(‘i te{l from the iono- 
S})here have been sliown to give an estimate of the ionospheric rotle(*tion coeffi- 
cient (ScJionland, et (tL, 1040). Sin(*e tlie radiation from tlie return-stroke 
eJiannel can l)e regard(‘d as emiUtnl from a series of lintnir channel tdeinents. one 
above the other, ea(*h inclined to the horizontal at a diffident angle, the obseved 
jndse will be the resultant of th(' pulses from these elements. The eontribul-ioii 
of each of tli(‘ pulses will depend upon its anglt^of emission. Thus, in principle, 
it should he possible to (‘alculaie the angle of inclination of tin* equivalent lightning 
channel from an analysis of the observed waveforms. 


T H E 0 R E T I C A L (H) N S IJ) E R A T I O X 8 


If is tlu^ angl(‘ made by the. ehanntd element with the horizontal (Fig. 1 A), 
(/) the angle ndth the horizontal at which the radiation is emitted and y he the 
amplitude of the elementary ground-pulse emitted by it at an angle ^5 = 0 then 
the com'sponding amplitude (r„, of its eontribntion to tlu^ a-th sky-pulse vould 
be given by 


sin ^ 

sin 0 


( 1 ) 


where (/)„ is the value of <f> for the w-th sky-pnlse. Equation (1) may pass from 
positive to negative as passes through the angle 0. at which poiiis (r,^ - 0. 

If d> nl2 the ratio is always positive. It can be st‘en from equation 

sin d 

(])thatwliena8nin of all such elementary pulses is made we may expect to find 
considerable variation in the resultant form of the pulse with the onler of reflec- 
tion n. However, such variations Avill not be prominent in the low-order reflecterl 
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])iils(‘!J fnuu distant sonrcos since tlic liglitning clianncl is usually vortical and since 
<p„ is sucii < nscs is small. Figure 2 simws that the low-order ]mlses arc very similar 



b'ig. I. from Sclionlaiid f//, 1940). 



Fig. 2. May 27, 1963. ISOOIST. Fig. 3. Jiiuo 6, 1963. 1620 1ST. 


in fomi to th(* ground puLsc*. With noarer souroos or with pulses of higher order at 
any distance, tlu^rc^ may be a (considerable (change in the final form of the pulse. 
A tyj)ieal oscillogram showing tlie variation of imlse form with the order of re- 
flection is show'n in Fig. li. 
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If now tho actual channel, made up of a mudes of cleiiicntary channels, one 
above the other, aud making diff(*rent angles with th(^ horizontal, Ik^ nijdaced by 
an equivalent ehainud making an angk^ S \v‘ith the horizontal, Ihc^ti, for f) ^ 7r/2, 
a rev(U’sal in j)hase will occur for a value of ^ and the aiiiplitnde (d* the sky 

pulse will pass through a minimum at ^ o {Fig. IB). Figun^ 4 is a typical 
example of such type. For 0 7r/2 the radiation of the channel, as a whole, 

may be greater in the direction of tbe sky p!ils<‘s than along the ground (Fig. JC), 
A typical illustration of such typ(‘ is Fig* 5. 


n 

I 


Kig. 4. Juno a, itKbt. l()2l) 1ST. 



Fig. 5. Jurxe 26. 1903. 1650 TST. 


Ill what follows is givum a ])ossible method ot estimation ol ^ depending 
upon the relativi* amjilitudes of th<‘ sky pulses and also th(‘ distanc of the source 
and ioiios[)heri(^ ndhwtion luught. 

Following Schonlaud cA u/. (1140) if and arc the amplitudes of the 
(» r/Ofh and n-ih sky ])ulses, pn duced by the summation of and tlie latio 
of the recorded amplitud(‘S and S, will be given by 


„ ^nip .... '^gY *** 

,s*„ 

where D„,„ and D„ are the groiii) paths for the (a + p)th and »-th resnltant sky 
pidses and r, and r,, are respectively tlie reflection (-(.('flicii-nts of tli(> ionosphere 
and tlie eartli. Tf and (f>„ he the angle made by (» ! ;>)tli and a-th pnlses with 
tlie hori/ontal, then it can hi' shown (Fig. 1 D) that 


Therefore, 

S„^p ^ IP . (*'>sV«+P . . r^)" 

'S„ S„ 


( 3 ) 
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Following equation (1) wo have for the o(iuivalent ohannol inclined to tlie hori- 
zontal at an angle o • 


«H+3. 

sin 


From (M]iiations (\\) and (4) an'o have 

. cos 

*S’„ sin(i9-^„) cos ''' 


... (5) 


or 


__ tan g-tan cos»95„,^ .CrrV' 

.Vn tan^— ant(;5„ cos^^J,, ' " 


However, if the ehannc'l is nearly vu'rtical Cff ~ 7r/2) and botli the order of rellec- 
tion n and the distance of the source D are large, then physirally .speaking. 
will not he far froju unity. Further, under such einannstanccs 
will a])proxbnate to unity. If then we take — 1. as is the cas(» for long radio 
waves, o({uation (.I) reduces to 

y/ ^fnpl ^ n ... (7) 

This ('(juation should giv'c* a lower limit to r, which is not very far from its true 
value. Evidently 0 can he calculated from ('quation (0) taking r^ — 1. 

(j A L 0 U L A T IONS 

lor the evaluation of the angles and <p„. the height fi at whi<ii the atjiios- 
plieric pulsi's are reflc'ct^'d from the iono.sphere and tlu’ distance D of tlu' lightning 
discharge are approximately calculated graphic^ally. following Caton and Pierci* 
(11)52), from the e<| nation given by : 

ct,, ~ ^ly^] ... (g) 

where time interval between the eiuiHsion of the primary pulse and the 

arrival at the receiv'er of the pulse that has undergone n refle 'tions 
at the jonosj)hore, 

D distance betwecui the source and the receiver, 
n order of refle(;ti()n, 
h = ionospheric reflection height, 
c — velocity of light. 

Two sets of graphs, based on expression (8) have been drawn : (1) showing time- 
intervals between the first sky pulse and mieeessive sky pulses, against D for a 
constant value of A and (2) showing similar time intervals against h for a constant 
value of i)(8oe Figs. 0 and 7). A reference pulse is selected on the waveform and 
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the time-interval between this and tlie 8ue(;ee(ling pulses of the sani(> sign are 
measured. Trial values arc then adopted for h and the reference pulse order, 
these being varied until a constant distance coiTes})onding to all this measun'd 



Fig- 6 Fig 7 


tbne-intorvals is (Ic'rivod fioin set (1 ). Then a clu'ck is inad(‘ on tli<" oiitaincMl valiK's 
of h and 1) by means of the s('t of graphs (2) by following a similar proeedure. 
This th(‘n represents a nn^an (hdermitiation oA^er tlu^ Mavofonn of th(' distani‘<‘ 
/> and ionosplu‘ri(* r(‘floetioii langht h. 

The \"ahi<*s of J) and h for the four oscillograms slioAcn in figures 2 to 5 are as 
follows. 


TABLE 


Fig. No. 

nistaiico 

D in km 

h in km 

0 

2 

300 

88 

112" 


180 

93 

109" 

4 

480 

80 

59 36' 

6 

375 

92 

J48" 


The values of fi liave been calculated taking jo — 2 from e<piation (7) for each 
of the oscillograms. Taking as unity and as 0.8, 0 is calculated from the 
equation (6). The A^alues of .^2 m the present case) and have been 

obtained from the computed values of D and h for each of the AA^aveforms. 
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The calciilatcHl viiliios oi’tlu' inclination 0 of the equivalent lightning (ihannel 
ar(‘ shown bt'low t ho rospc tivt' osoiJIograins and arc* als > listerl in last folunin of 
Taldo i. 

I) I 8 C V 8 8 I () \ () F T H F R F 8 V L T 8 

I vofm’ing to 2 and it can n'adily soiai that thonoh, both of tho wav(‘- 
forms n(‘arly saino vahn'S fo?- (j and have the saiiu* oivha* of ndleotion, tin' (*han^e 
in shape of tlu^ latter is more pr()noiin(‘ed, as it originated in a neana* source. 
This. thus, is in actordaiu'e with what has alnaidy ht‘en discussixl (‘arlier. The 
value of f} in th(‘ cast* of Fiir. 4 is oh Ihi' which by bein^ less than hO causes a r<e 
vt‘rsal in tiu' phasi* ,;f tlu* })nlse after (‘('rtain orders oi‘ refit M-tion. Thus flu* am[)li- 
tud(‘ of tiu* pulse* iind(‘rii:ocs a ininiinuin at n ~ o in flu* wavtTonn of tlu* Fi^. 4 
and a r(*vt‘rsal of })hase is obvious at n t). Finally, tin* wavt'fonn in Fi^. o 
shows a ground pulse h<‘i^ht small'*!* than tin* first ordt‘i‘ of refltM tion. TIu* (‘al- 
culat(‘tl value of in this cas'e, is 148 . (^msidtM’injz th(‘ group paths for the 
ground jiulst* and tin* first. ord(*r of r(‘tlcction and also tiu* value* ol* 0,. e*alcula- 
teel froju D anti /o it can be* sh(»w'n that the ratio of the* amplitueh*s ol the* first 
eu’de*?' pulse to the ground pulse is gr(*ater than unity, tin* value* of being taken 
as (hS. Thus the* observe'd nature* of the* wave*forjn can be* ace‘0!inte*d for. 

An aelelitional e*heck can be inaele em the* calculatieins in the e-ase* of the* wavH*- 
feirm givem in Fig. 4. As already ex}»laine*el abeive*, the* uiiuimum of the aniplituele* 
oceairs vhem </)„ fj. Here* the* minhuum eiccnrs when n - o and if f/jr, be* eva- 
luateel, it should be* of tlie same order as fn Ihet, taking the elistane*e* of the* 
lightning source* as 480 kni anel the* ionospheric re*fltM*tion h<*ight as 80 km, 
ceinu^s e)ut to be be*tw(*en 50 anel 50'’0' \vhie*h agr(*(ss fairly we^ll with the* e*al(nilated 
value* of (j -- 50 Ihf . 


(' () X V J. V 8 1 O X 

The* angle of ine*lination of the e*quival(*nt lightning e*hanne*l can be* obtaiiieel 
from the me*asure*me*nt eif suea^essive? amplitudes eif the* relle‘ctoel-tvjH^ e)f w acedbrni 
exce*pt in the* erise* of the smoe^th sinusoidal type* (Budele*?!, 1051, 1052) wine*h can 
explaineel on tlie basis eif they mode tluMiry eif projiagatiem. 

A C K N O W J. F 1) a M E N T 

The* authors wish tei e*xpreyss their grateful thanks to Preif. S. R. Khastgir, 
D.Sc., F.N.I.. fe >r his valuable giiidaneye tiiremghemt the* progress eif tin* weirk. 
They alsei thank the* (b8.J.R. feir sy)e)nsoring the rese*.areyli scluiimy em Atjimsplmrics. 

li E F E H E N 0 E 8 

Euddon, K. (b (iar»l), Phil, Mag., 42, 833. 

„ „ (0)52), Phil, Mag., 43, U79. 

(Vxtoii, P, F. and Pierce, E. T. (1952), Phil. Mag,, 43, 393. 

8c'houInnd, B. F. J., Elder, J. 8., Horlgos, 11. B., Phillips, W. E. emd veiti Wyk, J. W. 

(1949), Proc. Hog. Soc. A 176, 180. 



28 

MEAN AMPLITUDES OF VIBRATION OF SOME 
TRIGONAL BIPYRAMIDAL PENTACHLORIDES 

(J. NAUAJJAJAN* 

Department of (^bemtstkv, Oitlahoma State L'Nivfjisjtv, 

Stimavatek, Oki^Ahoma, I'.S.A. 

(JUrrived Jannart/, 19r)3: lirsmrnitUfl Fchruarn, 27 WWA) 

ABSTRACT. Fur tliu (ktenniiialKni of tlio JiK'nu-stjuan* ampliludc's uf* of 

hipynuniilHl p(‘ui a mclhod has l)uoji (levoJopud ])y ^i\ iii;/ Ila‘ syintnclry 
(•uurdinatos pn>p(‘rly cojisli uutod and uri(*i)f(‘d, kiuetic 'Miergy mat rices, TneHU-sipian' amfili- 
tiid(' ma.lric*('s. analytical cxprcssiuiiK for all the pussihic mean-s(piiin' amplitude (piantities 
and secular ecpialioris for tlie normal fre({iienca‘S. 1'liis metliod has Ium*!] applied to determmt* 
tlu> na'an *inij)Jit iidt\'* ot‘ vihratiun fur the juaituchh wales ul plaisphurous, aMlimuny and mo- 
bmm at tfie tt‘mj)(‘ralur(‘s T d and T 29.S''Iv n^spiuTively. 

I NTK O DU UT J ON 

1ji tin* solid, litpiid and vaponr jdiast^ tli(‘ Raman spectnnn of j)hosj)horoiis 
|)(motaehlori(ii‘ was obtained by Ivrisbnaimirthi (\WM)) and Monivn, Ma^at and 
WVlroff (1037). Koiiault (I940)and Sargent and Sehomaker (1141) by their 
<‘lt‘etron diffraid-ion inv(‘stigations and Pauling (1142) by his llnain^ienl <‘X])la- 
nation established that phosiiliorous |)(‘ntaehl(aid(‘ has a trigonal bi))yranudal 
stnietun^ with tin* syjnnudry jioint group 1),^. Using the tli(‘n availabl(‘ Ttainan 
data, Siebert (1951) inadi^ a vibrational assiginmait on the basis of the abov(‘ 
structure, [faarhoff and l^istorius (IlhltO, on the basis of Wilson's group theo- 
r(ti(*al nndhod (llKil) and 1141) ealeulated the for(*e constants without th(‘ iwo 
fundanuuital fr(*(pi(*neies eoming und(‘r the .U *"<]>eeies in addition to other similar 
jnol(cul(Ns. Recently Wilmshurst and liernsiidn (ll)o7) ha\e studied the Raman 
as well as infraiHMl spectra of POIr, in the liipiid and gasiRms stat(‘s, assigned all 
th(‘ fundamental frcHpiemm’s with a simple nonnal coiu'dinate treatnuTit and 
caleulakHl the jnolar thermodynamic functions. 

The Hainan sp(‘ctriim of antimony [lentaehloridi* Avas stmliinl by Keirz and 
ytricks (11K57), Moureu, Magat and Wi troff ( IIKIS) and Mounai, Sue and Magat 
(1147-114S). Uouauli (1140) liy his chTtrou diffraction data in tlie gaseous stab ‘ 
and Ohlberg (ll)r4) by his X-ray diffraction nu'asun'inents in the solid state 
confirmed th(‘ J);,/, symmetry for SbCI^. With the help of tlu^ (Existing Raman 
data, 8iel)ert (1951) attempted a vibrational assignment on the basis of 
symmetry. Ree(»ntly, Wilmshurst (1900) has studied the infranMl ab.sor])tion 

♦ At prosoiit Department of (-hemisiry, University of Maryland, V. S. A. 
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sp(!<;ttum ill the gaseous state, assigned all the fundaiuental frequencies and then 
calculated the* th(uiiio(lyiuinii<' functions by the statistical iiiethod. 

TJi(‘ Hnjnan spectnun of niobium pentacliloride was studic'd by Moiu’eu, 
Magat and Wetroff (ll)3S) and Moureii, Magat and Hm' (1947-1948). Skinner 
and Sutton (1940) carried out an electron diffraction study and eonfinned the 
trigonal bipyramidal structure for NbCI^. H(H*ontly, Gaunt, and Ainscough 
(1957) have studied the Hanian and infrared absorption spectra of this molecule 
and assigm^d all tlu^ fundamental fr<‘(piencies on the basis of symmetry. 
iShigarajan (I9()2) has calculated the molar thermodynamic functions of this 
molecule aft(T giving a dcdailed procedure for tin* calculation of these functions. 

It is th(‘ ahn of the ])res(mt investigation to give a method for the determi- 
nation of th(‘ m(‘an-s(juare amplitud<^s of vibration of trigonal bi])yramidal XY^ 
tyf>e molecules following the principh' outlim^d by (Vvin (1959) and tlien to apply 
for the computation of tli(‘ ni(‘an-s(juar(‘ amplitudes of vibration of PGl^, SbGljj 
and NbC^lg from their vibrational spe<*tral data at lht‘ i,(‘m]>eratures T -- 0 and 
T -- 29S'lv !’(\spe(‘tively. 

S Y M M E T K V (‘ O () i< I) 1 N A T K S 

The trigonal bipyramidal pentahalid(‘S with the symmetry })oint group 

givT rise to the following fuiiflamental frecpicncies under the various irredmibh* 
n‘presentations : 2Ai(B, * )~r dp\ ^1)1 fl]>) where K, 

7, 2i.dp. ,1 and [ stand for Ihiman active, infrared active, polarized. depl(»ariz(Hl 
parallel and ])erpendieular res})eetiv(iy. Two normal modes of vil)ration under 
the A / species, one under the A/ spec ies and one under the E' species hav(^ been 



Fig. 1. The internHl coordinates for the trigonal bipyramidal XYr, type molecule. The 
symbols denote deviations from the equilibrium distances and angles* 



Mean Amplitudes of Vibration of Some Trigonal, etc. 291 

associated with essentially valency vibrations and the n'lnaining with essentially 
deformation vibrations. The liarmonic vibrations of the XY^ type* molecule 
have been described hy fourteen internal coordinates (Fig. 1). With the help 
of thes(^ internal coordinates the following set of symmetry coordinates satisfying 
the conditions of normalization, orthogonality and transformations of the cr>ncerne<l 
vibration sjieck's has been constructed : 


'‘‘’'iMl') ^ ^ »•») 

(-R/>)(0) I 024-1 021 0iii--025 03r,) 

r, r„) 

SUE') Jt((i)-iC20,,- 0,,- 0,,} 

SUE') -- R(2)U0,., OU 

0,4 02. -Vu, 025--02.-.) 

SUE') -■ 0'14+0.5 02f.)/-’ 

SUE') -- («/>)l(12r-H20a4-024 024-^0.5 1-0254 02r.) 

SUE') - (/?/>)K0,4 02. 025 i 025)/-’ 

t ^^3 I “ d (Redundant) 

iSVa - ^ i d (Redundant) 


ft should be noti(*ed that the* angle displa<^enients liav(‘ been multiplied by the 
tMjiiilibrium b^md lengths R and f) in onhu- to maintain th<^ sanu^ diimMisions for 
the various niean-sipiare amplitude (juantities. 


K X N E TIC E N E li (5 Y M A T \< I E S 

Following the methods outlined by Wilson (ld39, 1941), the symmetrized 
(r and matrices have been obtained for the various irreducible re])n\sentati()ns 
as folloM s : 

^xi(^4/) //^ r/,, -HA,') - 

^22^4/)^/., ^^22 Vi/) - ^ 

GnW - «2i(^/) - o,,~HAy) = a,, (Ay) o 

^^33(^2 ) ” ^ /h/) 

=■ U-fh /'») 

<'’34(*4,'') - (12)V^ Oz4-*(A/) = 

(^aiE ) — {3/2)/*j|,-)-//„ ^(E ) — 

2 
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o,,m 

= (9/2K+3a^ 


= {(A®+K)- W}/^ 

G„{E') 

= 3/.,^ (3/2)/.^ 

G„-\E') 

— (3Ax+2/*^)/2A 


^ G^{E') - 0 

G»f\E') 

- G,,-HE') = 0 


= G„(A') = -(3/2)V. 

a,f^E') 

H 

II 

1 

!! 

G„{E') 

-= G'„(A') =-- U 

G,i HE') 

= G,^-HE') - 0 

G,^(E") 

- (7/2)//„ 

GhiTHE") 

= (2/7^-^ 


Here A' -= (3/2){(3/i,+2/tir)(//x+i/<v) 

where //^ and //^ are tin* ro(3iproeal masses of the X and Y atoms respectively. 

M E A N-S Q U A H E A M P L 1 T U D E M A T H 1 C E S 

Following the methods outlined hy Cyvin (1959), the symmetrized mean- 
square amplitude matrices S have been obtained by intrcxiucing the symmetry 
coordinates as follows : 

SnM'i) =- > = (Tr+^O-rr 

S22M'i) == <S,/) >:=(r^-\ (r,j,f 

= <^V> 

S44(^^2) = ^ CT(p — 

234 (-^ 2 ) ~ ^43('^ 2 ) ^ ^ ^<f) 

~ ^ ^ ^rr 

= (Tg (Tgg 

^ -=^ (Tip ~\~(T^,p (T tpip - (T pp 

^ ^«6(^ ) ^ <^^bb^Bb^ ^ ^ro~ ^ 

^ S,5(£') ^ ^ <S^S,,> ^ (2)H<t,,-(t\p) 

Yi^yiE ) ~ ^ C^)H^0<fi (Tm) 

^ ~ = (Tip (Tip^—(T pp"\'(T pp 

where the entering quantities have been defined by the mean values given in tlie 
following : 

= <^i^> == <r2^> ^ <r32> 

(TfT == <^1 r2> = <ri r3> = < r, r^> 

^d = <d^> == <di>*> 

^dd ^2^ 

<^fd = <^i dy> = <r2 d{> = <ra d{> = <r^ d^> = <ra d^> = <rz d2> 
cr^ = = fi2<(928*> = i?*<^i8*> 
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(Tga - R^<0 i 2 d^> = 

o-V = ^ RD<4>^»> = BD«f,,,^> ^ BD<4,.J> 

= i2/><?535*> 

=SD«I>^^^> --R^<?434 953*> 

— -= i?Z)<^35^35> 

<r ^ BD<^^^,f>^> = ^ BD«j>^(j,^^> ^ 

— BD<.^^ <j) j5> BD<.ip^ 026^ 

:= (BD)<‘<d,<l>,,> - {BDY^<d,^^> ^ {RDY<d,^,,,> == (BDY<d^^^,> 

- {BD)i<d^<f>.^> ^ (JtD) I<rf3 5i33> 

o-,,^ = («/>)i<d, 9ii3> ^ («/;)i<rf,^26> =" (RDi<d, =. (RDY<d^(f,^^> 
~ {Rt)Y<id2<f)24'> = (-KZ))^<d!2 ^33> 

0-,^ - !?<»•, />,2> ^ ^<r, 6?,.,> = ^ ^ 

= ^<C>'3^13> 

= ^<»'i ^23> -- ^<>'2^13> = R<ra6i2> 

rrr, =^ (RDY<r, </>,,> = (i?/))i<r, (i?Z»)5<r3 (i;/>)5<r3 

= (if/))l<r3 9534> r= (ft7>)4<r3<435> 

«rV,- - («/>)»<»•, rrr (BD)i <r^(^2i> = (/?Z>)J<ri5i35> = (RDY<r^^2!,> 
= (/?Z))l<r3 94,4> = (RnY<r2^2,> = (i?/>)i<r, .v (i?/))i<r3 ,i33> 

- (RT)Y<r^<i>r4> - (RI)V<r^<j>^4-> -= (RDY<r2 <!>,,> = (BDY<r2<l>^> 
fTg, ■= (B^DY<0,2fh4> = (BW)i<022<l>i4> = {B^D)i<0,2<f>u> 

^ {R^D)i<d,2<l>2B> = {R^DY<0 ^<I>u> =(^®/^)*<023 0*4> 

= (R^DY<d2^,j>2^> = {R»D)l<023<j>3B> = {/?»/))« <^13 ^4l4> 

= («®/>>)‘<^X3 9is4> - lR^R)^<01B<f>U> - (^®^)‘<^,3 54a5> 

rr'S^ = (^*-^)*<^ia<Ss4> =- (R^DY<0,2<f>zi> = (R^DY<0n<f>u> 

= [R^DY <e^K> 

- {R>DY<022</>U> = (-R»i?)*<^13 9523> 


Some linear combinations of the above mean-square amplitude quantities 
have become zero due to the construction of two redundant coordinates in this 
case. From the well-known relations 


<Sr^> = 0 ; <Sr8i> = 0 

where 6V is the redundant coordinate and an arbitrary coordinate, it has been 
found 


(T^ -f- 4" -f- 2(T^(p,p = 0 
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4 orV^ ^ U 

(Tag ^ 0 

o-,, 4- 2orV, - 0 

4 ^'df 

20 'g(J -)-- (T' gif ~~ 0 


N O li M A 1. K R E Q, U K N (! J E S 


From the somlar (*(|TiatiouH | S G i5A| — 0 set up by Cyvin (1959), tlu' fol- 
lowing set of equations for the normal frequenei(\s eontaining the symmetrized 
mean-s(juare amplitude matrix elements has beei) d(Tivod : 


Aj 1 ^ f Sojj ^»22 

A3 I-A4 ~ X33 ^^33 * 4 ^ 146 ^ 4 ., ^ I ^ 

A 3 A 4 - (S 33 S 44 - 

As + A^-f-Ay — S55^?55 ^ (-^77 ^^77 ^ I" ^^<57 ^^77 ^ 

A5AG + A5A7 I A(|A7-- (2551*33 U/33 ^ ^-(255277 257^)((/55 ^ ^ 

I (^ 06^77 Ai37“)^Jr33~^ ^' 77 ~^ -(A15G ^07 ^0« ^ 67 )^^ 0 r» '^'57 ^ 

V VV2VV2VV21 OV V Y 
^ftb ^ii7 ~~ "57 ^77 "-'“.G ~i “""r>r> -'57 -^g 


A6A3A7 — (255 S33 ^77 ^55 '*^07"“ -^60 -^57’ ^77 •^'^.'>0 *^57 ^07 


Ar — ^88 


A in the abovt^ ecjuations has ht'en reflated to tlie normal fre(|ueney v as 
A, - (hlHn^,,) uth ihffil^KT) 

where k is the Boltzmann constant and T the temperature in degn^^s Kelvin. 


A 1) T) T () N A L M E A N-S Q U A K E A M L I V U D E 
QUANTITIES 

The interatomic distance displacements betwe^^n the non- bonded atoju pairs, 
instead of the angle derivations, have been taken into account and designated 
Pn^ 7^23> 2^13’ (/i6’ 9^25 ?36 f )• Then the following additional mean square 

amplitude quantities have been obtained : 

(Tp = <Pi2^> <Pi!?> = <Pl!?> 

<^PP ~ <PliP&> = <Pl2Pl3> ” <PiiP\V> 

<Tq = <9',4*‘> <q'24*> ^ <V»4®> ^ *i\&> = 9'26*> = <qM> 

(Tqq = <g'u924> ^ <Qu<Ju> <9*4 ?34> = <?16 ?l.5> 

= <?16?35> == <WV,> 
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O’^qq — <?14 ?15^‘ ~ “ ^934 935^ 

(T*'qq — <</i4g^25> ~ <-9l4 936> “ <9^4 935 > <924 9l5> ~ <934 9l5> 

<934 925^ 

— <Pi2 9i 4-^ '"?^J2 924> “ <Ft2 9l5 <1^12 925 > “ </^23 924^ 

</^23 934 < ^ <7^23 926 --' ^ - 7^23 9.35 ' < Pt3 934 -^ " <7^13 9l 4 * 

— " ' 7^13 935- ' Pl3 9 i5 " 

^ <7^12934 '^ “ ""^7^12 936 ‘ ~ <7^3 9i4 " ~ 7^l3 9i 5 ' <7^13 9u- ' 

“ '' 7^13 925-^ 

The above additional inear^-s<juare Hinplitude quantities (U^fined by tlie mean 
va1u(\s of tlie deviations of tlie l)onded as wc'll as non-bond(*d distances are not 
independent of the mean-square amplitude c|uantities previously defined in o/ie 
of t he s(‘ctions of this article by tlu' mean values of the deviations of the inttTbond 
flistan(*(‘s and interbond angles. All th(‘se quantities, in fact, may v\^ell be ex- 
juc'ssed analytically in terms of the syjnmetrized mcHUoupmn^ amplitude matrix 
(‘hunents S. If oiu^ of the introduced internal c(M)rdinates (e,) “ r, (L /?^or(W/))i^^| 
has b(*en given in t(‘nns of the symmetry <*oordinates by 

~ 

it has been found ^ 

- S 2 A., A,r i:,/, 

whore S/v denotes the elements of the S matrix. The mean-square amplitudes 
Cjuantities in terms of the symmetrizc'd mean-scjuare amplitiule matrix t'lenuuits 
S have been ol)tained as follows : 

- (1/3)(Sh 4 2S55) 
rr,, (l/3)(SH-S5r,) 
fTrf (1/2)(2,.>+S33) 
rr,., ~ (1/2)(2,.-2:33) 

^rd ~ (^*0 ^^12 

— - (l/3)Se6 

O', ==(1/4) S444 (r>/12)S77 + (l/4)SB8 

(7^^ — — ( 1 / 4 )S44 ( 1 /4)S77 ( 1 /4)Sg8 

(1/4)244 - (1/12)2,7- (1/4)S«8 

(7%,----(1/4)S44~{1M)S77H~(1/4)S^^ 

« (12)“1S34 
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(T 

--(18)-i2„ 

















"■p 

-- Su-i (i/2)i:55 ! (»/«: 

|S««-(3) 


* 



--X„- -(l/4) S55-(l/l 

2) ^eel ( 

: 12 )-‘ 23 « 



<T„ 

- (1/4)S,,,4 

(l/4)2;« 

f(l/12)2«4 (1/3)2,,, 1 

(I/6)2„ 



+(i/6)£«« 1 

2,21(12) 

|--' 2 ;, 4 l-( 2 /!l )1257 



fT,iii 

- (i/r.)S,i^(i/4)S,, 1- 

(1/4)233- 

4-(I/I2)2„-(I/())2,,,,-i 

[1/12)2„- 

-(1/12)2, 


1(h)- 

“2i..4 (I 

2)-i2;„-(l8)i2„ 




(l/(i)Sji-h(l/4)L22 - 

(1/4)233 

(1/12)244 !-( 1/3)2.,.,+ 

(l/(>)2„ - 

(l/h)S8H 


+ {6) 

'2... (1 

2 )-J 234 + (2/!»)7?2„ 



fT ,,,, 

- {1/«)S,, ! (1/4)22-.- 

11/4)2,3 

- ( 1 /I 2 ) 244 -( 1 /B) 23 , 

(l/!2)2„ 



-! (1/12) 

2H8l-(h) 

12,2- (12) '234- (18)- 

^257 


^p'l 

(»))-i2ji f (24)-i2s,, 

M 1/2)2, 

2-(72)-125, ! (48)-?2,„ 

-(1/12)2 

«7 


= («)-i2„-(h)-525,H 

(1/2)2,, 

-i (IS) iii5g--(12) ’1-57-1 (l/^^)"ii7 



It shoiik] ho noticed that all of the moan-square amplitude c|uantitios defined 
in the previous s(‘etion appear in the symmetrized rnean-squan* amplitude matrix 
elc‘m(‘ntH exoe})t (Tj^. Tliis heeomes vanished hy symnudry of the molecular system. 

R E S IT T S 

The fundajmmtal frequencies in cm'^ for POI 5 given by Wilmshurst and 
Bernstein (1957), for ShClg hy Wilmshurst (lOfiO) and for NhClg hy Gaunt and 
Ainscough (1957) have been given in Table I. The secular equations giving the 
normal frecpiencies in terms of tiie moan-square amplitudes of vibration wore 
constructed \nth the help of the fundamental frequencies S ami matrices and 
then solved. Sincc^ it is not possible to solve all the symmetrized mean-square 
amplitude matrices uniquely, most of the n<»n-diagonal terms were neglected fot 
the sake of simplicity in the evaluation. In fact the magnitude of many noll- 
diagonal terms is effectively negligible in comparing that of the diagonal elements 
and the contribution of these toward the mean-square amplitude quantitie i is not 
much significant. The evaluated symmetrized mean-square amplitude matrices 
in A* for the three molecules at the temperatures T — 0 and T = 298®K have 
been given in Tables II, III and IV respectively. The computed numerical 
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values of the mean-square anij)litu(le quantities in at these temperatures liave 
been given in Tables V VI aiul V^If respe(?tively where (r^ is th(^ mean-square 
amplitude quantity due t<» the bonde<l atom pair X-Y in th(‘ girdle, (Xj.^ the 
quantity duo to the interaetion of two bonded atojii pairs in the girdle the 
quantity due the* bonde<l atom pair inthie symmetry axis, (r^id th(‘ interaetion term 
due to two bonded atom pairs in the symmetry axis, the (juantity due to th(‘ 
btuiding Y—X Y in the ecpiatorial plane, (x^, the quantity due to the bending 
l"(equatorial) —X K(axial), (x^ the (juantity due to tlie nonbondtHl atom pair 
Y Y in the etpiatorial plane, fx,j tht* Quantity <lue to tlu‘ nojil)ondt‘d atom pair 
y(equatorial) - r(axial) and (t^, (x^^, nr" 

interacjtion terms. The eorrespondins mean 
amplitudes of vibration in A for the bond(‘d as w(‘ll as nonbonded atom pairs 
liave been nqjorted in Table VI FT for all tlie three moleeul('S at th(‘ two tern piua- 
tures. 

It luis b(‘en observ(‘(l for all the three moleeul(‘s that many of the interactiem 
quantities due to the bondinl distances, non-bond(Hl distances and bondings of 
the molecule are significantly small (Tables VI and VII). 

The jm‘an-s(|uar(* amplitude (piantity due to the bemding Y X T in the 
ecpiatorial jilane is always less than that of the bending )^(e(iuatorial) X — l^axial) 
(Tables V, VI and VTT). 

Th(‘ mean amplitudes of viliration for the l>on(U*d (axial ) atom ])airs are very 
similar to those of the bond(‘d (equatorial) atom pairs. (Table VIII). 

The mean amplitudevs of viliration for the nonbomhxl (e(|uatorial - axial) 
atom jiairs are givatcT than thost* of the non bonded ((‘(juatorial ecpuitorial) 
atom pairs. (Table VIII). 

The nuviii amplitudes of vibration tortile nonbondtMi atom pairs <\rv in genmal 
gr(*ater than thos(' of tlu' bond(*d atom pairs. 

In general, for any molecule, if tlu^ fundamental lr(‘(juenci('s in wave numbers 
are greater than 1200 (un ^ the hyperbolic cotangent differs v(*ry little from 
unity for the temperatures near 29S‘^K i.e. eoth (h}j2KT) 1 and the consecjuent 
(‘ffect is that the mean-square amplitude of vibration is an indeptmdent function 
of temperature. If, on the other hand, the fundamental frecpiencies in wave 
numbers are less than 200 em^^, the v^alue of the eoth function is not so accurate 
but merely approximate for the temperatures near 21)S"K and correspondingh 
the mean-square amplitude of vibration is a dependent function of temperature. 
In fact, in each molecule of the present investigation most of the fundamental 
frequencies fall between 600 em-^ and 200 env^ except a few w^iich may not 
ceriously affect the eahmlations. Hence, the obtained values ol the mean ampli- 
tudes of vibration for all the throe molecules are the most probable and reliable 


ones. 
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TABi.E I 


Fundamental freque 

neies in cm 

* for some trigonal bipyramidal pentaclilorides 

Syirimetry 

sptM'ies 

\ ihrHtion 


SbClr, 

Nbdr, 


Vl 

394 

350 

412 

A'] 



394 

;j<>7 

355 



4(55 

3H4 

315 

A", 



170 

15() 

2()0 


r,, 

592 

39S 

497 


Vu 

335 

182 

390 


Vl 

100 

74 

I0(> 


By 

2S(» 

JOO 

153 


TABJ.E J1 


♦Sy n 1 m et v'uah 1 1 1 i(‘an - s ( 1 1 la ri^ 

amplitude matrices in for 

• phesjihorous pcmtac’hloride 

Klcnient 

Sy riziul m«^a n -sep mro 

T -- 0 

amplitude matrix 

T=-298‘ K 

:::u 

0.0012071 

0.0010870 

V 

0.0012071 

0.0010870 

-;i:{ 

0.0034010 

0.0004430 


0.0120245 

0.0235547 

— 31 

—0.0019784 

-0.0004759 

— Tili 

0.0029865 

0.0051924 

WOO 

0.0118930 

0.0213640 

:i :77 

0.0187428 

0.0366932 

w .%7 

0.0016374 

0.0026835 

w88 

0.0059449 

0.0108410 
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TABLE III 

Syjumetrizetl iiiean-squarc amplitude matrices in 
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for antimony pentachlorido 

Element 

Symmetmod inean-scjuare amplitude matrix 

T-=<> T--298’K 


(K0O15491 

0.0020933 


e. 0013301* 

0.0020737 

^3:i 

(>.0Oi4OOH 

0.0106235 


0. 007501 3 

0.0128470 


0 

0 

N' , ^ 

n.00L\‘E»4r» 

0.0084430 

^0(1 

0 0(>1»247:» 

0.0167891 

:i7T 

o.oJ4n:t'>K 

0.0279458 

— JST 

0.0011374 

0.0023647 


0. (*100275 

0.0414265 


__ __ 


Syuuuetrized iiioaii-HCjuare 

TABJ.K IV 

aiiiplitmlo niatri<*e^> in A‘^ f<n* niobium pontachloride 

Element 

Svimneirizetl moan-sipiare ampliliidt' matrix 

T=-0 T- 298 K 


0.0013397 

0.0020809 

V 

0 001 1543 

0.0015157 

iisn 

0.002457« 

0 . 0043280 

^44 

0. 0009034 

0.0129874 


—0.0011565 

-0.0016437 


0.002354(1 

0. 00361 3<> 


0.0064024 

0.0119645 

:::77 

0. 0092845 

0.0194874 

^57 

0.0009834 

0.0018362 


0.0108795 

0.0449467 
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TABLE V 

Mean-square amplitude quantities in A® for phosphorous pentaohloride 


Symbol 

Meun-squaro 
T = 0 

amplitudo (pjiiniity 
T- 298‘’K 


0.0023934 

0.0040241 

iTft 

-0.0005931 

-0.0011083 


0.0023044 

0.0040650 

^dd 

-0.0010973 

—0.0023780 

(TO 

0.0079291 

0.0142431 

(TH{) 

— 0.0039045 

-0.0071215 


0.0123018 

0.0238880 


0.0000934 

0.0005743 


— 0.0000420 

0. 000 J 200 

<r%^ 

— (K 0002050 

- 0.0123517 

^difi 

-0.0005712 

— 0.0001374 


0.0005712 

0.0001374 

ar<p 

0.0007247 

0.0012179 

a'r<p 

-0. 0003024 

^ 0.0000090 


0.0040827 

0.0078440 

^pp 

-0.0005308 

— 0.0013909 

erg 

0.0070190 

0.0150100 

(Tgq 

-0. 00 J 1333 

-0.0012960 

O'gg 

0.0016260 

0.0020884 

ef\q 

-0.0029137 

-0.0068904 

CTpg 

0,0013244 

0.0021220 

ir'pg 

-0.0011704 

-0.0021769 
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TABLE Vr 

Mean-square amplitude quantities in for anitmony pentachloride 

Mean-Sfjuaro iimplitudo quantity 


Symbol 

T=-o 

T — 298'’K 

fJr 

0.(K)20S<il 

0.0065268 

arr 

~O.00O2eK5 

—0.0019168 


0.0019028 

0.0063486 

^ild 

— 0.0005008 

-0.0042749 


0.0061650 

0.0111929 


—0.0030825 

™0. 0055965 


0.0102292 

0.0252125 


._0. 0008740 

-0.0065820 

Ct ififi 

-0.0018010 

-0.0094735 

(r%f 

-0,0028766 

-0.0001582 

G‘d^p 

0 

0.0011502 

n'fi^ 

0 

-0.0011502 

ffr9 

0.0005362 

0.0011147 

ar'r<p 

-0.0002681 

-0.0005574 

Cp 

0.0042677 

0.0097133 

^pp 

0.0001897 

-0.0008167 

(Tq 

0.0071659 

0.0213352 

(Tqq 

-0.0008311 

-0.0019017 

(T'gq 

-0,0006617 

-0.0022270 


-0.0016446 

-0.0047507 

iTpq 

0.0012773 

0. 0031645 

ff'pq 

-0.0008651 

-0.0034625 
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TABLE Vn 

Mean-»quaro amplitude quaiititios ui A® for nu)bhim pentachlorido 

Mean-square amplitude quantity 


Symbol 

T -0 

T^298°K 

<Tr 

0.002016.^ 

0.0031027 

^rr 

-~o.o(>(m83 

-0. 0005109 


o.ooisbfio 

0 . 0029222 

(^d(f 

-~d.OO(m517 

-0.0014065 


0.0043088 

0.0119645 


0.0021541 

-0.0039882 

Oy 

0.0083143 

<►.0226038 

(Tgsp 

—0,0021247 

— 0.00961 J 7 

O' 

--0. 00] 7077 

—0.0096138 


--*0.0013271 

0.0031179 

0(f<f 

- -0.0003330 

-0.0004745 

o\i^ 

0.0003339 

0. 0004745 

Or<p 

0 0004030 

0.0008656 


-0.0002378 

-0.0004328 

Op 

0.0035941 

0.00.58818 

^VP 

0.0002124 

0.0001804 


0.0059769 

0.0152248 

^qq 

-0.0009370 

-0.0039889 

^'gq 

-0.000161.3 

-0.0031374 

iT 

^qq 

-0.0008352 

0.0001223 

Op,L 

0.001 1695 

0.0018523 

O^pq 

—0.0006983 

-0.0011559 
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TABLE VIIJ 


Moan aniplil-iideH of vibration in A for soino trigonal bipyrainiflalpf'titacliloridos 



DistdllK'G 

M(‘an airqilituilo 
T 0 

of vibrution 

T 29K^K 


X - Y( equator ia-l) 

IK()4S!» 

0.0(i34 


X V( axial) 

0 l)4«e 

0.0()3S 

HOlr, 

V(o((Ucitoricil) Y(e(jiia(oriiiI) 

0. 01)84 

0.(^8S(i 


Y (H'ial) — Y(HxiHJ) 

0 087;} 

0. 1225 


X — Y (oqua-torial ) 

0.0458 

0.0808 


X— Y (axial) 

0 04H0 

0.0707 

.sbc:u 

Y ( i-Hiual < n’ial ) — Y ( ( ' 1 1 uutorial ) 

0 OO.'):! 

0.008(i 


Y ( oqua to r ia 1 ) - Y ( a xiiil ) 

0 0847 

0.14G1 


X Y(eciiiat<)nul) 

0 (440 

0.0557 


X — Y (axial ) 

0.0125 

0.0541 

NbCP, 

Y ( 0 ( jiia t o r i al ) Y ( i ' (]ua t < )rial) 

O.OGOO 

0.(»7()7 


^ (a-xial) 

0.0773 

0.1234 
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COHESIVE ENERGIES AND OTHER PROPERTIES OF 
IONIC CRYSTALS-2. HALIDES OF COPPtR, SILVER, 
THALLIUM AND AMMONIA 
M. N. SHAliMA tod M. I’. MADAN 

1>JJE*ARTMENT (»K PhYHK’S, UMIVEJISITV OF LUCKNUW, INDIA 
{Rcreilwd Fchfiifiry 6, HMU) 

ABSTRACT. Following tlio t refttrneut employed in tlio fvisf' of ulknii thri vari- 

ous cryHinl propf‘rti<'« of nihor motnl halides have boon studiod on th(‘ basis of a lA^nnard- 
donos (12:0) pol.ontial energy form. Kijuations wore modifi(‘d to take* into necoimi the hea\ iin- 
mofal luilidoH such us of (V>pper, Silver, Thallium and Ammonia. The potential paramo tors 
were m^alual/Od and the various properties eom])utod. Idio agroomenf betw<‘en tb(‘ Uioorod- 
cal and expi'rimenlal values served to pistify tbo ade(|iiuey of (be chosen potential form for 
thi'se crystals also. 


1 N R f) D i; C T I 0 N 

( dilicsivti ^ihl feAv other properties of some of tluv simple alkali halide 

crystals, n'prcscnting both th(‘ lighbT and licavii'i’ com|)oxinds were computed 
using tlio L(‘nii}ird- Jones (12 ; b) potential form in conjunction xvitli tlie expression 
IWr the Coulomh energy (Sharma and Madan. MXU). As for tlu' in(ut gases and 
nearly spixerical molecules, (lifftu'f'iit properlu's (tan lu* (‘X()lained in t(*rms of a 
simple potential sucli as one used, it was also found possible to describe the various 
properti(*s of alkali halides ade(iuat(*ly with its help. It was tound that d 12 
is more .suitable for lighter .salts whereas « - 12 is apjxropriate for heavier ones. 
The inclusion of the van der Waals term makes the potential form more suital)l(t 
for heavi(H* compounds. In the present pajM'!' we considc'r properties ol crystals 
heavier than alkali halides, that is. metal halides of Silver, Thalliuiii. Coi)per and 
Ammonia and eonifxare them with the (‘xperiinental n'sults. Tlu' charaeteiistics 
of these salts show definite variatkm from alkali halides (!ry.stals and thus have 
to be treated scixarately. 

COMPUTATION O K » ’ K V S T A 1. P Jl O P U K T 1 E S 

Based tm the Lemiard-Jom'S (12: 6) potential fonn, the exjxression for the 
crystal energy can be written as 



... ( 1 ) 
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wlien^ a is tlie Madoluii^'s ctnistaui, v is tlio oloc-tronio t;liarg(‘, e^^ is the zero point 
en(>*rgy, B and T are tlu‘ repidsive and attractive parameters res])ectively and 
r is t}u‘ int(‘ri()nic distances 

For alkali lialuk‘ crY^itals, had seen (Sliainia and Madan, 19(54) that the 
contribution oi’ van d(*r Waals (UKU-gy term ^vas small and thendore higher order 
t(Tms such as dipolc^-cjuadrupoh^ and others wer(^ not included in the (expression 
for tiu' crystal energy. However, van der Waals potentials show a systematic. 
t(uid(‘ncy to increast^ for salts of the heavier (d(‘ments and as much the inclusion 
ol‘ th(‘ dip(>le-(|uadrupol(‘ t(Tm is important for thes(‘ crystals. To consider the 
additional tiTin (l)/r^), we repla(*(* (> of eepration (1) by (\ wluwe 



Tli(‘ introduction of dipoI(‘-rjuadru{)ole t<Tm slightly (‘bang(‘s the expressions 
for th(' r(‘.pidsiv(‘ Ibrcc^ ])aranieter />* and tin* <‘o]n|)r(Nssibilit.y /A and therefon* 
(expressions for JJ and can now' writt(*n as. 


W'h(M(*. 


and 


w’here 


^.12 / ( 5(7 

12 ( , + r‘ 




14 - 

6 rv^ 


fi - 




2-^ I 12.13. 


b.7. 


( 



12 JJ \ 
42 Cr^ I 




(4) 


Following Mayer (1938), Mayer and Levy (1933) and Bleick (1934), optical 
data could i)e utilised to (‘stijuatc the values of C and J), from which using the 
(experimental values for tlu^ intera(?tion distance, we (jan easily evaluate Ci, <7^ 
and Cii- The values of thes(! constants for metal halides are given in Table I. 
The repulsive forcc^ parameter B, is given in Table II and is computed from 
e(piation (3) using the experimental values of /?, T etc. as listed by Mayer et a/., 
(1933, 1934). From the knowledge of B and of and <7^, the lattice energies 
and the comi^ressihilities for various salts can be calculated using equations (1) 
and (4). They are tabulated in Table III and IV respectively. In these 



307 


Cohesive Energies and other Properties , etc. 

Tablos, for the sake of c!oni{)ari8(m wo have also reported values of A' and /? 
obtained by considering only th(‘ dipole dipole term. 

TABLE [ 

Contribution of dipolo-quadi'upole term to lattics" (‘iiergy and coinpressihility 


Crystal 

Cxio«^ (J, X 

( ergs X cillt* ) (ergs X (‘in'* ) 

X !(»'“> 
(ergs X cni") 

TlCl 

2270 

2001.0 

2837.0 

TlBr 

278.5 

.3I!)3.0 

,3483.0 

'J’ll 

3080 

4524.0 

4943.0 

AgF 

3<».5 

3.57 . 2 

394 . 8 

AgCl 

707 

300.2 

399.0 

AgBr 

907 

358.3 

390.8 

Agi 

8.50 

1035.0 

1108.0 

(SiCl 

1 40 

173.5 

193.1 

(’uBr 

J9.S 

234.5 

200.4 

(’ul 

33(» 

391 .0 

434.9 

NH,F 

2J7 

251.8 

270.7 

NHiCl 

12.51 

1421.0 

1513.0 

NH4Br 

1 597 

1814.0 

1909.0 

NH4I 

2280 

2595.0 

2810.0 


TABLE 

11 


Oalc^ulatiim 

oi' Rojinlsivo 

Force Paraioet(*r B 



B X lOio » 

H X lo»<>' 

C5’ystul 

(with C term) 

(with D t('rm) 
Erj\i. 3 

Ticn 

318.4000 

347.9000 

TlBr 

402.1000 

507.0000 

Til 

840. 9000 

955.7000 

AgF 

9.4990 

I0.2800 

AgC 

39.7500 

44. 1400 

AgBr 

00.5300 

00.940(> 

Agl 

45.1500 

51 . 3500 

C.^uCi 

4.0120 

4.8990 

CuBr 

8. 1000 

8.0282 

Cul 

10.7000 

18.0300 

NHiF 

20.0700 

20.9700 

NH 4 CI 

205.3000 

280.7000 

NH4Br 

449.9000 

478.2000 

NH 4 I 

1018.0000 

1081.0000 
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energy fonn. The assumptions of a grc^ater van der Waals potential, particmlarly 
for the case of iodide (stiy, for silver and copper) will result in a better agreement 
with the experiment. 

The calculated (tompressibilities as given in Table IV, need to be multiplieti 
l)y a (H)iTection term wliere 


Fr.r - 1 I- J {OridT)j.(d/ildP).j,+ {dVIdT),, 


Tlie exjK'rimental data for tlie t(‘rms appearing in this expression is not 
available in all (‘as(^s and they can only be* (‘stimat(‘d in an indirec^t way. There- 
fore, this correction was not ap|)lied. K(»AV(‘ver, the r(‘ported values of ji are 
expected to change l)y about 7-<S% on this account, as Avas seen by (*al(ailating this 
term for a f('W cas('s for Avliich data were available. Iv(‘e[)ing in niiiid, the effect 
of this correction, we can term the agre(‘ment l)etween tlu' tlu'orf^tical a!id experi- 
mental values as satisfactory, <‘xcept for thallium and ammonium salts, Avhere 
the (h'A'iation are little mor(‘ and cannot be accountcMl for succ<‘ssfully. due to un- 
certainty in experimental vahuss. 

The pr('ci‘ding tr(‘atinent of tlu‘ properties of metal halides shows that the 
Lennard-Jones (12 : b) potential is quite a(hM|uate and })racticnlly equally succ(‘ssful 
for describing the»ju as it is for molecular (Tystals and gaseous j)ro})erties. 


A C K N <) W L K 1> (t M K NT F 
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SOME APPROXIMATIONS OF SIGNALS AND 
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ABSTRACT. Somo methods for <i|)])roxiTinHtia^ tnm*-vjiryiTig si^omls and tluM'r iiLf<n’- 
ination rontonls are (list nssed and th(‘ consecjiieiil rednel ion in tla* clauinel ( ii])a,<Mty (or tlieir 
('fticitMit transTnission is indieattMl. T}it‘ j^raphuad leehniipu^s used in /dransform nietliods 
an' in(‘(‘Iianis(^d (d(^ftn>ni(‘ally to approNiinali* tlv' \va\'(>forni of a livo sijnial, and sampliiitr 
in the f ime-fro(jUene>' plane, in liine-plaiK* or in frerpaaiey-plane alone approximates the infor- 
mation in a eontinnons seim-random f>i(u*<‘ss, (\fj.. in speech. The <(‘mporal and stnictnral 
attrihutes of a signal may also Ix' used in a])pro\imaI irie the sipial information, 'flx'se lead 
to some n“\v nadborh of moduhil ion and hand-c orn})resvion, (m^. S]o))'*-(jnan1 i/,(*d POM, Ad>»p- 
tive filter and l^owuward coding. 

1 N T K () I)IT(^T J 0 X 

Fn analysis and svntlu'sis of ('oinmnnieation systems, in modulation jiroetssses. 
in control and servo systems and in various oilier applications, it bi'cojnes ne(*essary 
to deal M'itli (‘om[)li(*ated signals \vhi(*li may not lx* (‘xpressililt' in (‘ompact ana- 
lytical forms. Kv(‘n if some analytical forms aic' possible, the conseqiuuit diffi- 
(Uiltitts in solving various integro-diffenmtial (‘()uations are formidable and hence 
successful att(‘m[)ts have' b(*(*n nuuh' to syst(miatiz(' tlie num('ri(*al calculations 
in th(' form of exponential series, tinu^-series and Z-transform. However, these 
approximate methods, altliough convergent in proct^sing, ar(‘ aiiplicabh' only 
to the time-limited signals, i,{\, the exciting signal must Ik* completely known 
for all time. For signals which are sojnewhat random function of tinuN siudi 
as spcxadi, telemetering signals or any continuous information- bearing 
process, an approximate' representation is possible' by using their charaediT- 
istics in the time'-freepiency plane. In a eliffe'rent class of apjilieations, siu'h as 
the reductiem e)f the eomph'xity of a signal, as is usexl in narrow -band coding schemies 
and the high-effieuency modulation systemis, the redundarmy of information in 
the signal is exploited to a})})roximate it and the'U to economise on the* ivcpiire'd 
ediannel capacity. Here the temporal and structural charaete'ristiets of signals 
are used to determine the reepiired approximation. Thus in all com])licate<l appli- 
e'atiems some semt of approximation is imce'ssary to simplify the mechanism of 
representation and processing of signals and information. Along with a review 
of some' existing approximation teelmicpies, some n<‘W methods are ])roposefl here 
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on the time and l)an(lv\1dth necessary for the eflScient transmission of infonuation. 
Some 8(‘liemes for such practical realization are discnjssed below. The methods 
in general fall under two classes of approximation, viz. (a) approximation of wave- 
forms, (b) approximation of information. In problems of network representation 
and niodiilation. tlie ai)pr<)ximation of wav(^forms has becm widely used, whereas 
in problems of bandwidth compression, say in Television and Vocoders, the 
approximation of information has found many applications. 

Approximation of Waveform 

So far tlie use of the approximation of waveforms has been limited mostly 
to dead (time-limited) signals ((except perhaps in A-modulation). But it should 
be possible to usc^ the mino or similar techniques for live signals as well. Supposes 
A\ e are required to design a function g(‘nerat(>r capable of giving a of arbitrary 
repetitive Avaveforms. Without going into the existing methods of using diodes 
to make a broken-line approximation of the waveforms, Ave may first approxi- 
mate the required f(l) with eqs.(6) or (7), and tiien, construct a set of dolay(‘d 
impulses whose heights are varic^l as required by tlu^ given f{t). On double or 
triple integration of these impulse trains, mc liave the approximated f(t) which 
may bo made repetitive also. The actual mechanisation of the })rocess is shown 
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Fig. 3. A function generator a7id ita waveform. 

(a) Linear segment approx, of the waveform. 

(b) Equivalent second derivative (r’s-time delays and h'a -heights of pulses). 

(e) Block schematic of the function generator. 

in Fig. 3. From thp estimation of error in this process and in the use of diodes, 
we find that this method yields better results with fewer components. 



Some Approximations of Signals and Informations 317 

Electronic delay line 

It is generally difficult to obtain uniform and distortionless delay for a band of 
freqiienoies by using simple /.r;.networks. On the basis of the staircase approxi- 
mation an electronic delay line, as slioM'n in Fig. 4(f/), may be used for many 



(a) 


Fi(j. 4. Ah olectroynr dflfti/ line. 

{a) Wavoforins and tho block ftchomatic for n 


(b) Waveforms for r> obtained by sampling in parallel. 
Afrn 


applications, ffere the staircase wave f(f) obtained through a Boxcar cdnaiit 
is sampWl again Avith delayed pulses, the delay r being less than , where 
is the highest frequency in /(/). Since the sample values remain constant for 
th(" tinu' T , the delayinl samples, when filtered, will give a delayed /(f) Avith- 


out aiiA^ distortion. To obtain a delay nr 


it will be necessary to use 


cascaded delay circuits, each giA’^ing a delay r less than ^-r. • . 

Alternatively, f(t) may be sampled in parallel by n Boxcar circuits at time 
intervals of the required delay //r, each set of sampling pulses being delayed by 

in a sequence. The resultant staircase wavefonns may noAv be sampled 

by the delayed sets of pulses, giving n sets of delayefl impulses, as seen in Fig. 
4(6). The sets are mixed and filtered to give an /(/) delayed by nr. The technique 
may also be used for any digitalizt^l signal, e.g., the signal pnKluced by A-modula- 
tion or POM. 

Orthogonal Filters 

An alternative signal approximation, specially for speech, is obtained by using 
Huggin’s (1956) method of signal analysis, as given by eqns.(10-12). Speech signals 
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Fig. li. Approc. of /(/) hy 4.M-FM reduction. 

of /(/) an' made to modulate tlie narrow-band exeit(u*s in tlie rec^tuv^crs, the l)and 
(‘Xcitei'H thems(‘lves bt*iiig controlled by the })itch information obtained from 
th(‘ l)as(‘band of /(/). The Vocoders may operate in a very small bandwidth of 
about 250 c/s unchT favourable^ conditions, but it is fouiKl that tlie narrow band 
filters produce appreciable phas(‘ distortions which have audible effects. To 
eliminate this and to be abk^ U) analyze^ and synthesize entirely in the tim(‘ domain, 
cross- correlation VocodiTs ( David, 105(>) have biH‘n (h'sigiuMi. Ht'ri* also tlie cor- 
related am])litud(is at fix(Ml tiim* intervals carry the signal information. 

To avoid tht^ use oi inany analyzing bandpass filter, an adaptive filter, shown 
in Fig. 12, may be used to sek^ct a particular formant of/(/). If we assume that 



Fig. J2. An adaptive filter for syntJicsitt of fit). 


the signal energy is normally distributed in thn^e or four concentrated bands of the 
total freipuuicy spt‘ctrum (as it hap])ens in speech signals), tlien (‘ach of the band 
may b(' automatically sc'lec^ted by an adaptive filter and the (jontrol signals, thus 
deriv(‘d, may be used to transmit the m^ccssary information to the r(»ceiver. 
For transmission of the six information signals of the process shown, a bandwidth 
of 300 c/s would generally he required. 

Lawrence (1953) has shown that fully intelligible sjieech would be synthesized 
out of six slowly-varying parameters, viz. (a) the position of the three principal 
formants, (b) the intensity of the noise source for consonants, (c) the intensity 
and frequency of the (^xjionentially decaying source with many harmonics for 
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vow('1k. Tlio infonimiion signals for thes(‘ syntlR^si/jMl speech rv(puro a l)aii(h\ idtli 
of 150 c/h. oii1v\ H<j\\ (‘ver 1li(‘ cxiraetion of thoB(‘ basic signals is still a coni])lex 
problem. 

W e I (jhtf'd M odulation 

Jn most of th<‘ niodiilation system^, c<|tial wt*ightag<' is givtm to all values of 
the signal amplitude, and Jiiany }»inary digits art* r(‘(piired in P(-M to code the 
complete range of amplitmle l(‘vels. It is, however, foiinrl that th(' probability of 
(XM'cure-nee of all signal amj)litudes is not same, e.g.. the j>robability of the hivels 
upto the r.an.s. viable is 0.5 in speech. Hence there is some scope of increasing 
tlie channel ctijiacity (Shannon, L04-S) by giving s\iitabl(‘ w(dghtag(‘ t(» th(^ diff(‘nuit 
amf)Iitiides corresponding to tiuur probabilities, as is don(‘ in the Morse (ode for 
English l(‘tter. The opliinmn cod(‘s may bt' productsl by using a translator .after 
th(‘ Binary or Tc'rnary codt^s and in the rtaeiver, a coinptamaitary n'translation 
lias to 1 m* used . Ho^^(‘V(‘I•. the complete i*ircuitry uonld l)e (piit(‘ cojiiplex to be 

ad V antag<*ous for sijii])lt‘ a}>pli<‘ations. 

Oik* simple* way to oldain soim* of tlu* a<lvant.jigt‘s ol tlu* optimum coding is 
to compress tlu* signal belore [)roc(*ssiiig it tor transmission. Tlu* (‘omprt*sst*d 
signal would <*ontain most of the information of tlu* original signal, and it h.as be(‘n 
show n that in highly com])resse{l spe(‘ch (laeklider cf u/.. 1047), tlu* intelligibility 
is as good as 05**(, with flu* additi<Hi of a differ(*ntiator at tin* input. Basically 
tlu* <liff(*rentiat(jr acc(*ntuat(*s tile high fr(‘(pieiu‘y components wliich an* mostly 
ri'spoiisihle foi* tlu* intelligilhJity. Tliis result eontirms the proposition that tl**' 
pr<M'(*ssing of tlu* slojios of /(O. done in SQ-P(/M, wall giv(* l)t'tc*!‘ ap])roxiiuation 
than that obtained from the })roeessiiig of the sam[)led aiujilitmles of j{i). It is 
('Xpeet(*d, then, that many of (Uir niorlnlation nu'thods w ill prcxhiec* Ix'tter results 
if differentiation and compression proe<*eds the modulator in tlu* transmiier and 
tlu* eompI(*mentary e(iualization is doiu* in tlu* receiver. 

A furtlu*r possibility of reducing tlu* effective bandwidth for transmission 
of/^) lies ill the faet that a digitalized signal may he eodt^d dow nwards (Bell, 1953) 
for band-eompression, of course at the cost of re.cpiiring higlu*r SjN ratio in tlie 
transmission path. It has been found, with reference to lig. 9, that tlu* SQ,-Pf M 
gives a good ciuality speech (0-3 Kc/s band) with 20,000± piils(*s, and a 95% 



Fig, 13. Band-Compression by coding downwards. 
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intelligible speech may be obtaimnl with as low as 10,000 pulses only. The 
groups of 5 (or more) pulses may be converted with a ternery code to PAM 
pulses of much lower p.r.f,, as shown in Fig. 13. The filtered wave will then have 
a bandwidth of I Xc/s only for the original 10 Kc/s p.r.f. of the SQ-POM. In 
the receiver if the (complementary operations are performed, then the message 
signal would be of much blotter quality than that obtained by other methods for 
tlie same transmission bandwidth. Alternatively the multiplexed Binary PCM 
or SQ-PCM pulses may be grouped together to form the PAM pulses and trans- 
mitted in a reduced video bandwidth. The penalty for this compression by 
coding downwards would l>e that a SjN ratio of 40 db in the transmission medium 
would be requirinl for the 100-Ievel PAM pulses and 60 db for the lOOO-level pulses. 

1) T S O U S SION 

Most of the sclumies shown above aim at reducing the channel capacity or 
the reejuired bandwidth for efficient transmission of signals. What rf^mains to be 
decided is an appropriate error criterion so that /(/) is a good approximation of/fO* 
This, Imwever, is an open question as the diffenmt error criteria, e.g., the r.m.s. 
error, average error, average differential error etc., are not equally apjdicable to all 
situations. If one aims at a good representation of the wav('form only, then 
perhaps the r.m.s, error along with the average (Tror in the derivative of /(/-) 
will indicate the goodiu^ss of the fit. If however, the information content of 

f(t) is to be approximated, then th(‘ cioss-correlation betwcMui /(/) and /(/) may 
give a l)etter indication of the fitness. In speecch systiu'sis. the int(‘grated 
error in the speectrum along with the subjective intelligibility tests is considercKl 
sufficient. 

In the existing narow-band coding systems like Vocoders, a compression ratio 
of 10 : 1 or more has bc^en obtained. It is estimated that for articulate speech, 
the channel capacity could be reduced from 60,000 })its/sec. to about 2000bits/sec. 
only. But the necessary technicpie will surely b(^ very much (;omplicat(Ml. In 
television also, it may he pcjssible to obtain a compression ratio of 20 : 1 as 
suggested by Gabor (19/>9), where the compression by '‘Contour interpolation” 
would give a factor of 4 to 8 and the equalization of information rate would provide 
a further factor of 3 to 4. In these systems, the effe(;ts of the transmission impair- 
ments like frequency and phase distortions, noise and nonliiiearities in the trans- 
mission path, has not yet been fully determined, But it is expected that with the 
removal of redundant information in the signal, it will become more susceptive 
to the external distortion and noise. It is characteristic of the redundant singals, 
like speech, that they are immune to quite a lot of imperfections in their trans- 
mission and instrumentation; and some of these noise-resistant properties have 
to be sacrificed to gain the reduced transmission bandwidth. 

In the methods discussed in earlier sections, only moderate saving in channel 
capacity is expected. Among the band compression schemes for speech, the sampl- 
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ing in the time domain or in the f—w plane would generally give a compression 
ratio of 3:1, while' the sampling in tine freepjeney rlomain may give a ratio of 5 : 1. 
The adaptive filter would similarly give a eompresaion ratio of 5 : 1 or more, but 
the technique of cialing downwards for a digitalizinl signal would give ratios 
higher than 3 : I dejHmding upon the p('rfeeti()n obtained in the system instru- 
mentation. fn the 8Q-P0M propostnl here, it has been experimentally deter- 
mined that for an acceptable sp<>eeh quality, 20, (KK) jnilses/see. are sufficient, 
where as in POM, a 4-digit code equivalent to a p.r.f. of 30 Kc/s and in A-modula- 
tion. a p.r.f. of 40 Kc/s would be recpiired. For a lietter tSfN ratio, say, 30clb 
approximately, SQ-POM recjuin^s a p.r.f. of 30 Ke/s. but POM requires a 5 unit 
code equivalent to 40 Kc/s and A-modulation reijuires a p.r.f. of 50 Kc/s. Thus 
in these methods, some amount of compression and gain in channel capacity has 
no doubt been obtained; and this could be achieved with minimum complexity 
in instnunentation so that they may have wider application. Even this, if practi- 
cally realized, would amount to more useful utilization of our existing transmission 
networks and systems. 
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ABSTRACT. A method is doscribed by which exteusivt' distortion present in (‘inulsions 
can bo inoasurc 1 an^l its influence on multiph^ (Wlonib scatterinpf iiK'iisutvraents elimiriiiiod. 

I N T H 0 J) U C T I O N 

Nia^loar eiinilsions have liet'ii known to have distortion, the presimct^ of which 
severely affects the track contours. Distortion is uiuhn'stood to result fioin a 
sliear hetw(‘en su(‘ce.ssiv(^ layers of emulsion which is ])rodue(Hi hy strain created 
during the ]»roeessing schedule, hhuulsious ]m)(‘(*Ksed liy difienait imdhods 
liave h(*.en found to hav(‘ different kwel and type of distortion. 

The first (|uantitative estimate had been mad(* by Cosyns and \'an(lerlux(*gh(‘ 
(1050). fn tlunr nu'tlmfl use is mad(‘ of ver\ ste('}) tracks which actjuire a T or S 
shape as a result of distortion. An elegant method for det(*rnunation of distortion 
has been deserilx^l by Major (1052) and later (daborutiMl by Ajiostolakis and Ma jor 
(1057). 

Th(‘ nudliods ('numerated abov(‘ have bec'n widely used and giv(‘ a fair indi^ 
cation on th(‘ levcd of distortion as it would affc'ct the shapi' of tracks limitxnl to a 
few mm k'ngtli wliieh is the situation in eosmie*ray (‘Xposi'd j)Iat('s. Witli 
the advent of tlu^ maehine-acc('lerat(*d particles tracks of ujito a few cm k'ngth, 
and confinc'd to rathcT a single plane in emulsion, have been obtained. Tlu' 
distortion present in this ease has been found to bi^ of an ('xtensive and diffenmt 
nature, (Aditya, 10(32). The source of a (considerable part of this distortion has 
hocm trac('d to anotlu'r, namely the flexibility of the pelli(d(‘. Tlu* corresponding 
distortion is conijilii'aied and (marmot be obtained by the methods known earlier. 

Tn the earlier work (Aditya, 1062) tlie graphie.al plot method had been 
used to obtain distortion contours. The principle of the im^thcd is illustrated 
ip Fig. 1 . It appeared on further analysis that the method could be subjectiv(^ 
in so far as the individual judgement on alignment and presence of large angles 
scatters has to be taken into account. In the present note wo describe another 
mc^thod which is not subjective and gives the contour of distortion. The 
influence of this distortion, as on multiple Coulomb scattering measurements, 
can be easily taken care of, the proe^edure for which is doscribed 
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Fir. 1. SclKMiiatic explanation lor iho ‘'graplnt -plot’' niot1io<l. Foui t*los(‘ 
irn.cks, as at (A), are supc'ritnposod, til), from which Iht* emnnioii 
<a>iit<<nii* (( ), i.s V t rn.(*tt*<l. An o\ er-snnplitit^d vor'^aai. as at (IM* 
could ])assd)ly he deriv<Hl from {('). 
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are entered in a table, as sliown in Table I. a, refer to n close 

tracks, whereas 1, 2, ... j ... .r, refer to the .r, 7)- values on each track, a: is 
evidently equal to {L/t~ 1) where L is the length of ('ach track and t is the cell 
length. For reasonable results jc and n should be about 20, each. 

If the values D v^ere entirely true scattering, the magnitude and sign of the 
tenns would be random so that the algebraic sum of both rows or columns should 
be zero. However, if all the tracks have some common contour of distortion, 
the magnitude of sagitta due to which is larger tlian the true sagitta, the algebraic 
sum of botli the rows and columns will not be zero. The magnitude of the algebraic^ 
mean, along the row would be a direct function of the magnitude of 
correlation and the sign will indicate* how the shape varies. The R values could 
thus vary rapidly both in magnitude and sign. Moreover, the ^algebraie sum, 
C\ of the columns will Juive tlie same trend for all correlated traetks and would 
be zero if the distortion eontour was equally distributed around a linear 
average, sueh as for an /S^-shapt* distortion of equal sagitta in the two halves 
or for a complicated contour. It would not he zero for a T ’-shaped distortion, 
for example. It is evident that tin* alg<*braic mean of the rows is the main 
quantity of interest. 

The distortion contour can be obtained from the algebraic mean of the roM s, 
i?!, /?. 2 , ... ifj ... Rj. by back integration, and twice*, since this procedure is the 
reverse of the forming of second differences.* A point need be made hero of 
the influence of largo angle scatters on the tracks. The presence of a large angle 
scatters will affect one or two values of />, and can be detected by subtracting 
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Fig. 2. Distortion contours of four samples as obtained by two methods ; 

Graphical -plot method (solid line) and the method of Algebraic -mean 
(dotted line). 

* P. M. S^ood, Chandigarh (private communication) has intimated that such a 
procedure had been suggested to him also by E. Dahl-Jonsen, Copenhagen (private 
communication). 
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the algebraic nieaii from Huch »usi)ecte(l regions of scatter. A cut at the con- 
ventional 4 times the expectofl scattering sagitta will reruovt; tlie large angle 
scatters. A modified algebraic mean may be found through successive steps, 
if required. 

Some of the distortion (contours (dotted lines) obtained by the method 
described above and those by the graphical -plot method (full lines) are shown 
in Fig. 2. The measurements liad been made in 600/^ (t 5 emulsions exposed 
to 27 GeV protons. Excellent agreement is found between the two methods. 
The contours are seen to be varying oontiiiuously in direc^tion and magnitude*. 

K L I M r N A T I () N O K T HE X M F L U E N V E OF 0 1 S T O H T 1 O N 

It is evident that the tru(‘ scattering sagitta can bt‘ obtained by point to point 
subtraction of th(‘ distortion contour from the track coordinates. This proce- 
dure is not essential unless one is keen to look at thc^ contour of distortion itself, 
becausi' the alg(‘braic nu^an along a row (correctt>d for large angle scatters) sub- 
tracted from the /) values in the corresponding row directly gives the second 
differences for true scattering, X)erhaps with a little more noise. 

In an earlier work, (Aditya et al, 11)61, 1963) for samples having very large 
spurious scattering, the algebraic mean along the rows was found to be of very 
largo magnitude and gradually changing sign. On the basiis of the results of a 
later work (Aditya 1962), this behaviour can be attributed to pri‘sence of largo 



Fig, 3« Frotjue'noy histograms for 128 i> scatt<=*r8 of 4 mm cell length over 
27 GeV protons. Full line ; observed data, excluding three scatters 
at 81, 83 and 95 respectivoly. JDotted line : corrected data, after 
distortion elimination. 
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distortion. W(' luive found that by the process deseril)ed above J^ohservetb 
whieb wjis (»rigiiially iVo tinu's tb(‘ l>e.rpecteih reduced to l.l times, therel)y 
eliminating almost tli(‘ ( iitire h'purious scattering, see, for example, Mg. 3 for 
the observMHl and correcti'd fre<|ucncy histograms. Wliat(‘ver remains is due to 
th(‘ variation of distortion (ontour along deptli. Tins, lumever, is not detri- 
mental siiK'O this siiiall spaii^Vcts signal is exp(‘cte 1 to constitute a little increased 
noise jev(‘l and can be (|uadratieally sul)tra(^ted. 

In agreement with Ihelindings of Aditya (lb()2) tlu‘ magnitude and nature 
ot spurious scattering has been recently shown (Aditya and Puri, (10()4) to be 
a very i lose function of this distortion- lTs(‘ of this method has also been 
mad(' in another work (Aditya l!)b4) with great suec^ess. 

A c K X o v\' L i: j) (} i\r k n t 

Tins investigation forms ))art of a ])rogrannne of work carried out Avith 
(‘jiiulsions t‘xposerl at PKllN. (‘Xpr(‘ss our thanks to tlu' (d^HN Organi- 

sation for emulsion exposures. 

For encouragejmuit and laboratory facilities \v<^ anj thankful to the Director 
of this Institute. 
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ABSTRACT. TTio expression for ihd magnetic* anisotropy and siiR«*optibiIit.y <>f Te-+ 
'J\itt(>n salts liave boon worked out on tho basis of the more general molecular orliital method 
of Van-Vleck, Stevens and Bose et. al. Both the spin-orbit couplirig coc'iVicieiLt ami Uie effec- 
live orbital reduction factors along aial f)orpendicular to the tetiagonal axis of the complex 
are reduced anisotropi(*ally from tlieir free ion value diu* to the anisotropic admixture of tho 
central 3(/-charge cloud with tlie surrounding and p- charge clouds of the ligand oxygon 
atoms. 


J N T B O I) U V J' 1 O N 

A (lotailod theory of the magnetic anis(»tropy and suseeptihiJity of Fe^*" 
Tntton siilts has heon worked out on eletrostatie approximations by Bose rl iil 
(1961). It is found that for the ease of FelNHjSO^).^. GHjO the value of the sj)in 
orbit eouiding is reduced from its free ion value value of —101) cm"M)y about 
207(). owing to overlap of the central 3d eliurg*' cloud vith tlie .surrounding «- 
and p- charge clouds of the ligand oxygen atoms. It appears tliendons mo c 
leasonahle to apply to the prohh'm. tlie more general method of molecular orbital 
approximations of Van-V'leek (1932). Stevems (1953) and Bose et. iil (1960) .so that 
the correct picture of the energy levels is obtained. It is also reasonable to assume 
that the overlaj) is anisotropie, the reduelion in the sjiin-orhit voui>ling is also 
taken to he ani.sotropie in comparing the expt'rimental results on Fe(KS 04 ).,, 
OSjO of Bo.se (1946) with our j»re.senl tlu'ory. Since this salt is isomorphous 
to tlie ammonium salt (luonoelinie. space group P-i/o. 2 mols/eell) and no separate 
.structural data is available', we tints assume for the present purpose, a tetragonal 
.symmetry of the Fe^+’OHoO eomjilex as in the other salt (Bose* ef. al 1961). 

M O L K C U L A R O K B 1 T A L T H E O R Y 

Tlie five fold orbital degeneracy of the ground state' 3d‘’ '^’D eif Fe"+ iein in the 
free state, is split up by the preelemiinanl euhie eeimponeiit eel the crystal ficlel 
into an orbital eloublet E.g emel a triplet T^,. the triplet lying leiwest. 

* Dept, of PhysicB, St. Xavier’s College, Ceile-utta hikI honorary research worker, Indian 
Association for tho cultivation of Science, Galcutta-32, 

331 



332 


B. to. BhaMacharyya 


For tetragonal syniinotry of the ligand field, the wave functions of the lowest 
triplet are [Stevens (1953), Bose et.dl (1961).] 

I +>=--^2 \\yz>+i\zx>'\ 

I 0 > (1) 

|->= [l«/3>-i|2a;>] 

w'lioro 

\}jz> = yz>-\-A{\p,z. 2>~ \p.z, 5>+ \p, //, |jt>, y. 6>}] 

I xz> = iYl I d. ,rz> 4 - A{ | j), z,\>-\ p. z. 4 > + \ p. j\ :r> - f p, .r, 6 >)] 

I xy> ^ N[ I rf, xy> | A{ | p, ?/, 1 > — | p. ?/. 4> 4 - 1 p. r, 2> - | />, .r, r>>} J (2) 

in which N is a normalizing factor and A is a measure of the amount of mixture 
of the /^-orbits of the ligand oxygen with the central rf-orbits of the Fe‘^+ ion. 

The appropriate Hamiltonian is 

^ ~ ^Tetragonal 

Since the effective orbital Lande splitting factors a cssi a' 1 very nearly for 
a Z)-state ion. 

The effect of the tetragonal field is to split up the above triplet [ecpi. (1)] 
by an amount A into a doublc't | 4->’ | “> ‘‘»d a singlet |0>. Tt will Im‘ 
seen later in connection with fitting the theory witli (experimental data, that 
unl(ess tlie doublet is taken to lie low(^st. no fitting with nmonable vuxlues of the 
parameters is possible. 

The spin-orbit intc^raction takes the form where iii i.e. u^, k^,) 

transform lik(‘ octahedral group (Bose ef. al (I9fi(>) then inclusive of covalency, 
the non-zero matrix elements for Uy, arc given by 

< + I I + > = — < “ I I — > “ - 

<+r^^x|+f^> — —> =— (\/2)i^i ... (4) 

<_l,,jo> _ <0h/^l4-> 

where an** tlu; anisotrojjically n^duced spin-orbit (coupling coefficionts of 

Fe2+ ion under the ligand field of the complex (Bose ei, al, 1960). Here z axis 
is taken along the tetragonal axis of the ion and x, y axes give after orthonormal 
set with the axis. 

Introdu(ung with the five-fold degeneracy of each of the threeorbital states 
we obtain a secular determinant of the 15th. order which breakes up into two 
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quadratics, two singlets and a cubic. The eigen values for the |0>, | ±2> 
and I ±3> states are givenzs 

E'o = i[(&i+A)4 {(&,-A)<*+24Cx}iJ 
E\^^ 

E^ ^ ... ( 5 ) 

E\, = |[(A-?|,)+{{A+^i)H8^,i)SJ 
E, = -2C„ 

and the eigen values for the | i> states are given by the roots of the cubic 

.r®— (2-l-?/).r2+(2//— 6p^).r-( 6/>‘'* — 0 ... (6) 

wliere x — E.; | E-, being ttu' energy in cm."'. ?/ A/fi', ^ and E, — E^, 

E"i and E\ respectively; 

The eorK'sponding eigenstates are given by 

— ttj I -(-. ()>-! i, lb, l>+ri| ,2> 

= «i( -.()>4-&il0. - l>+r,l I-, -2> 

>t'fo ^«ol+' -1> 0> I Col 1> 

'/'o - "'«l -I-. -1> f//'oK>,0> 1 r"ol - . 1> 

ri =aM+,0>+6''j|0. |>+cM-,2> 

= a',! l>+c'', 1 +. -2> 

'Aa - oal -1 , l>+?>2Mb2> 

^__2 --- ^^2 I — ’ — 1 ^ i 

Aa =l+.2> - (^1 

A-., = I -2> 

A'a =^2 1+. ]>-^^2|0,2> 

A'-2 ■== K \ - -l>-«2 0. 

f\ =a^'j +,()>+//, 10, l>+r\|-,2> 

A'_x = a'll -,0>+//i ;0,-l>+f'i| +, -2> 

A'o =«'„!+. -l>+6'o 10, 0>4-f'o I -- 1> 


_r 3(2?!, mw-E^f +l] 




(V2)?x 




where 
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and 


For r//, and r/ Ave are to replace by Also to g(^t a/'i, 6/ and 


c/\ we are to ropla(^e E^ by E*\. 

Furtl..., +1 1 




„ _ , _ (V3)Cx ft 
" ~ ~ (?! -Eo) " 


To get r/o', fey' we replace J5/(, by and to get r/o", we must replace JE?o by 
Eq, And finally 




-l 




(V21U ft 


Similarly to obtain vv^e replace E,^ by E.^ 


3, The^ g-raJiifs 

The susceptibility and the f/-values are calculated by the usual method of 
first and second order pertrubations Avith the magneti(‘ field Hamiltonian 

2S).H ... (S) 


Tlie non-zero matrix elements for L being 


~l" I Eg I -f" >• = — <C — Eg I — —k\ 

<+ ' X,. I 0 > = <0 I i,. 1 — > =- — (\/ 2 )^i 

<-~\Ey 0> - <0 I 1 +> - 

Where and are the orbital reduction factors (Stevens 1953, Bose djil 1960). 

along and perpendicular to the tetragonal axis of the complex. 

Thus we have 


f/,1 2[( ri^—aj^^)k\\ + 2bi^+ic^^l 

</i = 0 

and the principal .gm-ionic sussceptibilities Ki (i — 11 or J_) are 

“K - 1/"' ) +«>■*■ “■> {-‘#1 


+0„*. «p(fcS)+G„F.- .xp ( *1^) +0,^-. exp(®>-*j.)} 
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exp ( ),| exp + -p (^>-^5. 


-I <'2/-'''' exp I I ®23*'’w' exp 


fcVAV 
~ /fc7’' 


where 


-- 2| (4-f ]■ IV-^ 


r/,/;. - 

2|(2- k,^)a,^ 4 4^,2=^^ 

- 

2[4-i-,.r- 


21 ( 2 ^t„) 62 - 1 4,,2”-r’ 

^'l,A’'l ---. 

214UuKV^-^^V-^'i/'i®J- 

r/2,B. - 

r.> 1 3V 

-. 

V ” 


y Y ^ 

' 0 1^0 

== 

_ V 2_|_ Y 3 

^1 1 ^ 1 

^/2^^’^ - 

I'o- - - ^r„.E'-, 

(l^,E\ _ 

-JV-IV 


-iv 

y 0 _ 

, 2«,2(A-„ 1 2)-^ 

Fr-K 

K 1 - 
^ 0 “ 


En'- E,: 


2|(4 1 An)eiC'4-2&j?>,'-ifc„flri^»,''? 

E^’-Ei 


2[4 1 A-„)r,r/+2/>A"-^i/'i«.''? 
~Ey’'-E^ 

y; 


^ 1 

E^-Ei" 


^ a" -- 2(2 +^ij^)%2®V 
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and 





2 A'^ -lA,^ I . 2 ^;^ 2^,, 2 

E„-Ejlf/ E,^ E, - E,‘ E',~E,^ E\ -E\ 


(■’2.E0 - 


-■'‘1 I -^ 4 ^ + -'^> 5 ^ 

e;-e„'' e,"-e„ ^ -e\ -I;,, 


G^E„ 


2 ^ 2 AJ 24 J 






_ 2 .^,^ , 2 /l «2 , 2 .V . ^^ 42,5 

V-fcV' E., E{ 'E\~K^” 




9 J 2 0.4 2 ‘>42 9/1 2 

77' TP TP " ' TP TP ' TP f TP 

iL-^ — JI12 ^3 — ^2 — ^2 


G,,E, 


2 A,„^ ^ 2 A,,^ 
E, -E, ^ E\-E, 






2/32 , 2 / 3 " , 2 A,,^ , 2 A,,^ 

1^^ _ l/M ' JP" TP f' IP „ TP ^ IP 'I 4 I f 


IP TP ^ ^ TP TP >' TP TP f ' TP * TP ^ 

1^1 — J ^2 -^1 — ^2 " 3 ““ ^2 ^1 — 

2^*3 ^ 2 ^,» , 2 ^ 1 ,* , 2 ^ 13 * , 2 A^ 

' "I Hi? V. f TP • TP f 


16 


TP TP * ' TP *' TP '' TP TP f ' TP f TP f ' TP > TP * 

Eiq — Xl/j JPjq — Cj^ — jG/j £^2 — "1 "0 — 




942 9 42 9 >42 

77* TP' 'TP " TP ' ‘ TP* Tpf 

^ 0 "1 E j — E Q 
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where 


A 


fV-'i) 

A*i 

- 

-«0^1 


= \/Qaiaf 

k. 

‘ ■)' 





--: v'Grtia^ 


[n.p^\-h^c^)-\- 2 byl).^ 




V2 




J4 

\/6 («oMj 

1 kA 

•) («A- 


:)4 2 <,,r.: 


= \/<j(«o«i 

I' + M'i 

V CAM 

Vl' 

)VW\ 


— \/ 6 ((f(r 

, / 
i ~ 

-L /i V " 

^ -f>l M 




A, = VWoi'- W Wc,' 

v- “ " 



v'O'", 

- 

J% (h,'\~ C-/V/2) 2^^r2 
V “ 

A,„ 

= 2 a., ~ 

^'x 

a/2 

K 

. 4 u 

= V^fi' 


{a.^;-vh.f,') yithh.. 

A 12 

= 262+ 

h 

V2 

^'2 


V- 

V “* 

^16 --= V6(«xV+^''V)-y| K''V+^X')-t2CiX' 
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/Ij,. 


*1 


\/6(a^'ao'-\ />/6o')-“ i^hW+W^fo) 


It is v(‘ry roasKuring that in the above formidabh* expressions (piite a number 
of terms an' n('gligil)Ie and several others having opposite' signs ean(*('l out (’saeli 
otlier in pairs, so that the final calculations an' siinplific'd. Nevertheless we have 
rc'tairu'd all the terms in tlie given expressions for the sake of completeness of the 
theoretical ex pressions. 


K X P E li r M E N T A L D E T AILS 

Th(' agreejnent of tlu* theoretical anisotro]>y and susc('ptibility v£ilues with 
the expc'rimental vahu'S of Bose (1948) on is (juite good as eaii 

he seen from Table I. 

The values of the paranu'ters A. f , , fj. , A'i) and hj, an* obtaiiu'd by trial 
and ('rror to get tlu' best fit. Our fitting witli the ('xp(‘rimental n*sults is perieetly 
unicpie because evi'ii if we try to set the data only at two tcuupi'ratures we have 
three unknown parametcTs A, f j and whose values can hi' decided uni(|uely 
by fitting with the four ol)servables viz. two mean susceptihilitic's and two ani- 
sotropy values at tliest' two temperatures. Houx'vt'r, in view of a larg(‘ number of 
earlier experimental findings (BoHe(Bose rt al. I9b(h HKU, 1901, 19911. 1994) it is 
very unlikely that A sliould be constant. If we tak(‘ temperatun' v^ariation of 
A into account we can get an unique fitting comparing the (‘Xpi'ri mental results 
only at thrc'c differt'iit temperatun's bc'cause in that cast' we have altoge'tlu'i* 
fivH' unknown ])arameters three A s, and f j. arid six obscTvablt's viz. thret' jnean 
susceptibility v^ahies and threi' anisotroj)y vahu's at tlu' thrtn' tc‘m])eratui’es 
under c ons i( It* ra t ion. 

In the t;as(* of FelNWjSO^).^, 9H.,() the tetragonal fit'ld coi'fiicit'iit A 
increases Avith teinpt'ratiire from a value of 279 enr* at 29 K to 950 cm““ at 
1190' K. In the case t)f Fe(KS04)2 GH.^O A changes from 24(» cm. " at 99 ^K 
to 940 cm ^ at 1100 K. Thus we see that tht' order of the anisotropic field and 
also their variations with tem])erature are almost the same in tht* two cases. 

In the ease of Ft^(NH4S04).2, 9H.2O the spin-orbit coupling coefficient has been 
decreased by about 23% from its free ion value of —103 cm~^ (Owen 1955, Bose 
et,al 1961). In the case of Fe(KS04)2, bHgO the spin-orbit coupling coefficients 
are ^,1 ™ — 80cm~^ — - 88cm”^ instead of the free ion value of — 103ein“^ 
This indicates again almost the same overlap btttween the 3d Fe^^ and .9- and jj- 0*^ 
charge tdouds, excejit that the overlap here has been taken as anisotropic. 

If the tetragonal field tjoefficient A is negative, wt^ have a singlet lying lowest 
after the tetragonal field and after introducing the spin-orbit (joupling one magnetic 
singlet comes lowest with a doublet close to it. In this case Kj, becomes greater 
than Kii whereas when A is positiv^c we have a doublet (m = ±1) lying lowest, 
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Kii is necessarily greater than Kj . . For the assumption that Kj. > i.e., 

for A negative we could not fit th<* susceptibility and anisotropy both siniultanc'ously 
for any reasonable values of tlie parameters. Hence w<‘ fit with our experimental 
results considering A to be positive. 

In the case of Fe(NH,S 04 )sj. 6HjO we have- for A = 270 cm-^ = S.980, 
!Sf„ — 0. In the c^ase of the potas.simn salt — K.48. 0, A = 240 cm-’ 

which appear to agree well witli the jr- values given by Tinkham (10r)6) for FcF^ 
in ZnFj at 20'’K. Since* the crystalline fi(*ld in FeFjj has l)een found to bo truely 
orthorhombic and also must h(^ appreciably different in magnitude from that in 
Tutton salts owing to tlie diffe.r(>nei‘ in structure, the agr(>(*ment is ])('rhaph for- 
tTitous, but nevertheless imlicates tlint tlie order of magnitudes arec omparable 
within the limits of ajiproximation involved. 

TABLE I 



FefKSOila, 

6H.,0 

k^ 0.95 
k\ - 0.80 

fij S0cm~^ 

fj. — — SS c*m~^ 

tt*mpr °K 

r7n ' 1 


p2-pi2 

f/-valiie.s 

300^K 

040 

28.57 

(28.58) 

10.31 

(10.34) 


220°K 

410 

28.13 

(28.08) 

12.87 

(12.70) 

_ 

OC^K 

240 

20.00 

(20.27) 

22.10 

(22.01) 

!/,, =8.48 

(8.089) 

fifx =0 

(f>) 


The values in the parenthesis in the 3rd. and 4tli. column give* the experimental 
result? of Bose (1048). The c/ -values within jiarenthesis in the 5tli. column 
are Tinkham’s (1056) on FeF^ diluted with ZnF.j which have been discussed above. 
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ABSTRACT. Following IVhito and Takagi h fltatistiual irealinent on AB 3 typu of binary 
orrlorcd alloyn, au oxpruBsion for tlio thpunal oxpanHjon t*oeffi(‘iont y as a function of long- 
range order parameter has Ix'en obtained. F(;r th< alloy (HisAu, values of y and eompressi- 
bility X rtf temperatures oTIT'K, 623'T\ and 643'^K liave b(*t*n evaluated and compared witli 
the experimental data. 'TIk* agn'ement ig fairly satisfacTory. The discontinuity of tho ther- 
mal expansion at the traTisilion teTtiperature loimd experimentally lias lieen also explained. 

I N T H 0 1) U C T 1 0 N 

Order-disorder plien<)in(‘na in binary alloy systenii' belong to the elass of 
‘eo-o])erativ(‘’ pluMiornena of eorisiderable intrinsic interest. Numerous metal 
alloy systems have substitutional solid solutums which (exhibit superlattice for- 
mation near simple stoichiometric concentrations (Nix and Shockley, IhllS). The 
theoretical investigations of the order-disorder transition in substitutional binary 
alloys mainly deal with the AB type of superlatti(*e due to mathematical sinijili- 
city. The theory of tlu' stability of su])erlattices as a function of temperature, 
Avas su(*cessfully developt'd by Bragg and Williams 35) by introducing the 

long-range order parameter and a reasonable refinement of Bragg- Williions 
approximation was made by Kirkwood (1938) in tlu* AB type ol superlattiee. 
F\)llowTng Kirkwood's method of solution, Hovi (1955) first obtained an exfiression 
for the thermal expansion co(‘fBcient for the AB type of superlattice and (‘xplained 
the discontinuity of (expansion at the transition temperature in /y — CuZn. In 
the same year (1955), Muto and Takagi ('xtended the theoretical treatment for the 
AB type of superlattiee to the AB 3 type in a straight forward way. In tlu^ present 
investigation, an expression for the thermal expansion eoeffieient (as a function of 
the long-range order paramettT) in AB 3 type of binary alloys has bt^en derived 
from the free energy expression as obtained by Muto and Takagi and the tempera- 
ture variation of thermal expansion and also of compressibility in partly 
ordered alloy CU 3 AU hav(' been explained on its basis. 

T H E C) K Y 

Let us consider an alloy system (*onsisting of t^^'o types of atoms A and B 
with N lattice points of which F^N are a-sites and Fj^N are /?-sites (here F^ and 
Fj 5 denote fractions of A atoms and B atoms respectively). It is assumed that 
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each a-sito has z noi^hhours all //-sites and each //-site has z neighbours, of whicli 
^ a-sites and 2 (Fn^ — F ^)IFji arc // -’Sitos. 

In the state of perfect order, all a-sites are oc^cupied by A-atoms and all // 
-sites by B atoms. In tlie state of complete disorder, every lattice sites will be 
occupied on the average by A atoms and B atoms in prop(.)rtion to their number 
: Fjj;. In the intermediate on U t- states, the average distribution can bo 
completely describc^d by the Bragg-Williams order parameter or long-range order 
‘*s*’ defined by : 


where is the fraction of a(//) sites occupied by A(B) atoms and ‘.s' is unity 
for pcu'fect order and zero for the disordered state. 

For AB 3 type of suptrlattiei‘s. with — 1/4 and F/; -- 3/4, Muto anel Takagi 
(1955) eemsidering Bragg-Williams ap])roximation obtainerl tlu‘ following ex- 
pression for the ‘configurational free eneu-gy' from a geuieralised statistical treat- 
ment : 

F(.s)-F{o) ^ I (1 +;j,v) log (M .S') log (1 —S') -{-( 9 -i-:iv) 

lb t 



where u ~ ordering energy — I forma- 

tion of superlattice structure. 
k ~ Boltzmann (ionstant. 


T — Temperature in 

Now, minimizing th(‘ free energy by the condition : 


OF 

(is 


= 0 


we obtain from the equation ( 1 ) : 
K 


u 

'2kT 


4k {!-.»)* 


( 2 ) 


■whi(;h gives equilibrium values of ‘s’ at different temperatures T. 
On simplification : 


a+ib' «2- 

z Sz 


196 

27 ? 


400 

27 ? 


(2a) 
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Differentiating equation (1) -w ith respeet. to volume v and taking into account 


, dF 

tliat = 0, we obtain foi- presHure : 


p = — 


NkTz 


(IK 

dr 


(3) 


where s — .«(»;, T) and K = K(v, T). 

Using thermodynamic relations, it now follows from the above equation (3) 


r 

X 


[ dp 

] __Nkz 


+ Tj 

0 , d.« 

dK 


L dT 

J " H 

V 

L dv 

dT 

dr 

dTi)v J J 


and 


' ... r 

X idi'iT 8 L (h’ 


dK 

(Iv 


dv'^ 


where y — Tliennal (‘xpansioii eoeffieient, and ^ -- (*oinpressihility» 
Hence, the thermal expansion (coefficient ; 


OA , •>71 A-itT 

dv dT ?v dTdv 


.y rp dj£ ^ J, d'^K 

dv dr ‘ f7r- 


(4) 


(r>) 


(^) 


C O M P A H 1 S 0 N‘ \V I T H H K S U h T S 

Let us now apply the theory to th(' ease* of facc'-centred cubic Cu^Au super- 
lattice for a cpiantitative comparison between theory and experuiient. 

(i) Thermal expanmon coelficienf at different temperatures 

In ordcT to (waluate the tluTmal ('xj)ansion coefficient y at different tempera- 

tures from th(‘ (expression (b). tiu' (mrivatives , ^Tdv 

are to be obtained. 

Since s ™ 5 (t’, T) and also K = A"(?\ T). we liav(> the following relations : 


or, 


(ds \ _\ Os ], I AO \ ] 

\dT)p~[ Of J,. ' L daJr L 

r^i _ r •] f r 1 r ] ] 

I JpL L dT Jj> I dT Ji<j 
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and similarly, 



Ffen(*e, using the above relations and the x-ray data reported by Keating 
and Warren (H)5I) and Owen and Liu (1947) of long-rangi* order parameters and 
lattice parameters at different temperatures for the alloy Cir^Au, vvt* compute 


the values of 1 and . For the higher derivative^ . we liave to 

L or J 2* L (JV J T 


make the approximation 1 1 1 1 (neglecting the 

or L L dr JrJr dr L L or Jr Jr 

higher order terms), since lack of suitab.e data do(*s not ])(‘rmit us to obtain the 
(*xact derivativi*. Thi* validity of this approximation is tested from the evalua- 
tion of tlie compressibility factor y from the expression (4) using th(‘ th(‘')reti(^ally 
determined valu(*s of the* expansion coeffici(*nt y. The values of all the parameters 
of expression (h) arc tabulated in Tabh* I while* tlie theoretical and experinumtal 
values of the expansion coefficient and compressibility are given in Table IT. 
The experimental values of y, according to Siegel (1949), do not havi*. high pre(*ision. 
ft now a])pears from the ol)servation <d‘Tal»le IF that the pr(‘sent a])[)roximation 
is quite justified and tin* theory satistaidorily (‘X])lains the tem})eratur(‘ variation 
of the thermal expansion coefficient for the* (hi.^Au superlattici*. The temperature 
variation of comj)r(*ssibility reveals that there is a dependence of y on ord(‘r. 

TABLE I 

V^alues of the param(*t(*rs requirerl for thi* evaluation of y 


Tok 

S 

^;(l) 

(in A^) 

d,s 

dT 

dS 

<lv 

dK 

dv 

a^A’ 

dfdr 

dVi 

573 

0.705 

53.28 

-0.001819 

O.2O03 

-0.3910 

0.002000 

-0.0030 

023 

0.047 

53.40 

-0.003353 

0.1731 

-0.2450 

0.003143 

- 1.0220 

(>43 

0 . oOH 

53 , 53 

0.004392 

0.1109 

-0. 1750 

0.000255 

-1.3100 


(I) Owen Mild bin (1947) 


TABLE IT 

Theoretical and experimental values of y and x •if different temperatures 


T°K 

y theor. X 1 
(per ‘^K) 

y expt. X 3 0® 
(per °K)* 

X thoor. X lOiJ 
/clyno) 

X CX13t X 1011 
(cn)2/dyne)3 

573 

08.5 

54.1 

0.409 

0.600 

023 

80.2 

71. 8 

0.402 

0.600 

043 

118.0 

113.5 

0.422 

0,678 


(J ) Owen and Liu (1947) 
( 2 ) Siegel (1940) 
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(ii) Thernml expan-non coefficient at the 'Transition-tempemture 

Since K ----- K{.‘i) as seen from the (Hiuation (2), the expression (6) for tlie thermal 
expansion (ioefficient can also be. written in tile alternative form : 


s 


OK (Is 
ds dv 

vT 


- 1 - 2 ' 

[“ (Tr (Is (je,rr 

[ 2 [ 4 _,J 1 '^•'<1 ^ i 

L L dv J ds f ()«* L dt’j (Js 




d^ 

dvdT 


(fia) 


Let us examine this ease at the Transition Temperature’. Now. as the 
transition temperature is aj)proaelieid from low«“r temperatures (.s^ i). T-e 
7’^_o)i it follows from (2a) : 

lim ^ 0 and lini ^ 

S-.0 .s-iO 


Again, from the nature of the theoretical curve as predicted by Muto and 
Takagi (ll»r)r))and fn)m tlie x-ray measurements of long-range order on CusAu 
(Keating and Warren), ue find tliat : 

lim ds 
«->0 dT ^ 


Also, from the experimental obseri'ations of Owen and Liu (1947), we may 
uiite : 


'd~v ~ appears that volume is not discontinuous at T^.. 


With the assiunption that the higher derivatives 




dv‘^ 


, d^s 


remain 


finite AvJien 0, we obtain from the above (‘Xj)ression (ba), e(»nsi(lering all the 
conditions : 


y finite Avhicli suggests tliat the thermal expansion coefficient 

is discontinuous at the Transition Temperature'. 

No\v^ from the dilatometrie obs(Tvations of Nix and MacNair (1941) on 
(higAu, \VG find that the tliermal expansion coefficient shows a sharp peak at the 
transition temperature. It is also found from x-ray measurements of Owen 
and Liu (1947) that the rate of expansion increases as the transition temperature 
is approached and the value of the coefficient immediately after the transformation 
is about half its value immediately before the transformation. 

Thus, w^e may conclude tliat the theory based on Bragg-Williams approxi- 
mation is in fair agreement with tlie experimental observations. But the theory 
suffers from the limitation that it is not possible to derive the values of expansion 
coefficient y i*i temperature rt'gion where the onler-parameter is almost 
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/'I 4- fclJl 1 "^2 

0— cot2^= 


A' 


. „ 1- r, K. - 1 - . A -= 

■* “ /*/ 


r(r~/i')w, 


c' = /y'(//'*— w'*)— r(/y'‘‘* — w^®), tOj, = 0 } »in — CO con 0 


J>n 


eH 


P' - 1-j - , (0 - ^ , Ph 

jj p me 


r =: 


'Ih- 


47rAV 

m])^ 


,V dV ,jr 
du 


d\V ) __ dpjdu 
du ’ ^ IH />“ 


( 7 ) 


C O MV LEX K K E K A C T 1 VE IX D E X 

Tho well-known Appleton- Hartree fonnula (1927. 1929) for the square of 
complex refractive index g is given ))y 



Tlie upper positiv’^e csign before the radical in e([. (S) n^fers to the extraordinary 
inode and the lower iK’^gative sign to tlio ordinary mode. 

The notations in (8) are : 

a = - p-Uh^, po^ ^ inNe^lm, p = p»jp^^ 
y VPulVn, Pn = eHjmc, = y cos 0, y,j, - . y sin 0 


Avhere 

V — electron eollisional frecpu'iiey 
H ^ intensity of the (earth’s niagnetic field 
c, m = charge and mass of an electron 
c = velocity of light in vacuum, 
p — angular frequem^y of th(‘ wave, 

N = electron number density 


and 0 angle between the direction t>f propagation of the radio-wave and the 
positive direction of the earth’s magnetic field. 

In torms of the U.R.S.1. notations, 15q. (8) corresponds to : 


=1 — 




-2,.X'2) 




4(1- 


Y 4 

X j, 

-X- 


.. ( 8 . 1 ) 


-JZ)' 





Coupled Wave Equation.^ in Magneto-Ionic Theory 


The notations in Rq. (S.l) are: 


X - 


eH 


moi“ 




L.T 


omic 


Z - 


V 

6 ) 


34J 


The angular fre(iuenoy 6> of radio-wave is the same as p in the old notation. 
Associating the phis sign l)efore the radhwal in E(j. (S.l) with the ordinary mode 
and the minus sign with the extraordinary nioih^ (Ratcliffe, 1962), it can be easily 
shown that the minus sign beton^ the radical in Ei|. (S) corresponds to the ordi- 
nary mode and the plus sign to the extraor<linary mode, so that, following the old 
notations we got for the O-modc : 




2(1 -fi I j/?) " V[ 4(1 // 1 j/if 


and for tho A’^-inodo : 




^^■•''^■^”‘2(1 -S-4-.;A) 4(1 i^a-t j/?)- ■' 


(8.2) 


(8.3) 


W(' next compare th(*se two formulae (S.2), (K.3) with equations (4) and (5) 
deduced frf>m the cou})I(m1 wave-eipiations of 8aha, Banerjea and Guha (1951). 
Prom (7) it can be (‘asily sliown : 


Since 




< 0 . = —2 cos 0. we get : 
J> 


(7.1) 


- V'l +^'*) ^"cosd 


Po^ 


Jp 


rr' 


.J ' It* - +rrd 

V 4(1 j 


i2(l-f-a+j/^) y 4(li-x+J/ff 
Henco putting the value of in Eq. (4). we have 

I 


?o’* = l + 


+V 


7r 


2(]+a+j/^) ^ 4(H-a+j^)2 
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It is seen tliat the last expression for the square of complex refractive index agrees 
wltli Eq. (H.3). Sbnilarly, it can be showm that Ecj. (5) agrees with (8.2). Hence 
Eqs. (4) and (5) should ho interchanged as follows : 






and 


•Zo" = 1- 


ji' +/>2<'>z 


COUPLED W.W E-E QU AT IONS .AND PROPAGATION 

VECTORS 

Saha et al (1951) deduced the coupled wa\n'-eq nations (1) and (1.1) hy 
starting from the following equations : 


dn^ 


■K,E,-jLE, = 0 


d^E, 

dll 


^ h\E,+jLE, 0 


and putting 


\jEj 


)(;) 


( COS 0 —sin 0 
sin (/) cos (j) 

Using Eqs, (9), (9.1) and (10), it can be easily shown : 

V"~\-[K^ cos- (j) I- (1>~-2L sin (j> cos (p) V 

— [(A"i— A" 2 ) sin (j) (50S (p +- A(cos“ (p -sin 255 )]lf = 0 
W' sin^ ^^+^"2 cos '^(p \-2L cos 0 sin p]W 

— L( A"^ — A^g) <l> A(cos‘^ 0— sin‘^ <p)\ V — 0 


whon^ 


F" - V-2(pW~^W-(p^^V 

IF" - ]F+2^4 F+^>-0W 


(il) 

(0.1) 

( 10 ) 


( 1 . 2 ) 


(1.3) 


( 11 ) 


(ll.l) 


The coefficients of the cross-terms in Eqs. (1.2) and (1.3) may be made to 
disappear by writing tan ^ = 0 i 1-fG^ as shown by Saha et al. Hence there 


are two values of tan ^ given by and G'— y'l+G'*. 
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Lot us write : 

tan 05 — 6 '— =r ... (12) 

tan 02 - U I (12.1) 

We next rotate the eo- ordinate system through a (•in])lex angle 0^ — tan~^/^5. 
The equations (J.2) and (1.3) are th(‘ii reflueed to 

0i~l sin-0j— 2iv sin 0^ cofc (pi\l\ — 0 ... (1.4) 

W\+[K^ Rin‘-^0i+A’^2<'^»^‘‘^i&i + 2i siu0 cos0j^ -- () ... (1.5) 

wliere 

F5-205r. 0 ,*m^ ... ( 11.2) 

W\ - H\^-20jl\+05l^5 0qr5 ... (11.3) 

Vi <'OS0j^ ! sin 0, ... (2.1) 

U\ ... (3.1) 

Tf we rotate- tlu^ eo-(^rdinate svstiuu through a eoiiqilex angle 02 — tarr^/io then 
the equations (1.2) and (1,3) are reduced to 

r 'g f [K^ eos'*^ 02-t- sin‘^ 02 — 2/v sin 0.» cos 02] ~ ••• (h6) 

H^''2 '^[^"i ^ 2^ -^'"2 I sin 02 f'os 02] II 2 “ (l*W 

where 


y"2 TV¥2»'2~^2I»^2“-9'V^'2 

ir., - ••• 

^2 z::^ Ej, (M)S 02 | ~ SlU 02 ••• 

1^2 02 -! jEy cos 02 ' • • ("^•- ) 


It is shown in the Appendix that the following relations hold good : 

A'l oos^ 0 i+A" 2 sin^ 01 ”2L sin 01 cos 01 — 1 — ^ - ~ e/a-“ (‘^•^) 

p 

^Li co 8*^2+A'2 siri^ ^2 — 2// sm^2 5^2 ~ ••• 

A'j sin® ^ij+Ag cos® ^j4-2iy sin cos = I — = ?o* 


( 5 . 2 ) 
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A'j win*^., l-A’'„(os-^4.,+2//sm94, oos^2 = 1— ••• (4^-2) 

f> \-PiOu 

Henoe equations (1.4) and (1.5) should be callo.l the (uiupled wave-equations for 


tlie X-and 0-inodes n'speetively and can bo written as : 

(for the .Y-inode) ... (l.H) 

Tfil( 7 „ 2 . ^ 2 -)lKi-=- 295 irj- (for the 0 -mode) ... (1.0) 

when', 

_ A’,,. \- jpiE„ X-mode) ... (2.3) 

V'l-f/V"' 

If'j^ — (for the ((- mode) ... (3.3) 

Similarly Eqs. (!.()) and (1.7) can be rovvTition as : 

-9^V^)r., — 2^.,ir.^-! (for the 0-mode) ... (1.10) 


W.-Hqy^ A^mode) ... (1.11) 

where 


V.^~ (for the O-mode) ... (2.4) 

(for the X-mode) ... (3.4) 

-I P2^ 

It has been shown in the Apjieiidix 

IF, F.,. IF., _ -F, 4-1 = ?iKv) ... (12) 

Hence, using (13), the e(|uations (1.8) (1.0), (1.10) and (1.11) nan be combined into 
two conpltid epuations : - 

V^+(q,‘^-4^)V^ - 2^jF„+^Fo (for the X-mode) ... (1.12) 

--2^ Vx-4Vz 0-modc) ... (1.13) 

where, 


Fa: = Fj = — TF 2 = ^ rr: Propagation vector for the Z-mode (2.5) 
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^0 — ^2 = Tfi = — l>ropagation vector for the O-iiiocle ... (3.5) 

== ^ 

^ ^ A' -I />2Mz 

riiUK it is evident tliat the e(iuations (]) and (1.1) were incorrectly labelled as tlie 
Louph'd wave-equations for the 0-iuod<- and the A’-inodo respectively. It is 
shown in tlte next section that the equations ( I ) and (l.I) lose all tlieir signi- 
licance, if tlu'y are calh'd the coupled wavi'-equations for tlie (I- and X-iuodes 
respt'ctively. 

tv A V K -1‘ () L A H I Z A I () N 
We start fi'oin the relations ; 

J)., q-K, 

... (14) 

D„ (fE^ 

The following expres.sions for tin* displacenient vector wer<> deduced by Saha 
el a I (1951). 


IK. - K,E,.. jlE„ 

Du =■ K.J£f,-rjEE , 


... (jr.) 


From (14) and (15) 


K„ q-- A'j -jL q- -ill I jE 


... (If.) 


Hence from (16) 


(A',-f X.,)i- V (A', I Ay- 4{EjKl-JJ) 


... (17) 


From (16) and (17) 


Ey- A’, ^ , VlK, Kif-HJJ 

AV-f A,. (E. A'l) - 2jL 


(16.1) 


Taking the positive sign of Ea. (16,1) 


Ey — Eff _ j (Aa Ei)-[-2jL 
Ey+E; ' V {K\- Ki)~2jL 


(16.2) 
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Since G = (Ki—K,^)I‘2L we got : 


E„+E, \G\j 


... (16.3) 


rutting <>' = A cos ijr, I = A sin ijr where A = 0- vra got from (16.3) 

— tanhji///2 ... (16.4) 

MJy 


Since 


tan ijf — 


I 

(/ 


— —tail 20, we have 


E„ 


-j tan <l> - -jf> 


(Ih..^)) 


The same Kq. (16.5) can he dedueed l)y using the negative sign of Eq.(l6.1). 

There are two different values of fi. viz. /q — ■ (1 - \/\ \ G'^ and -- t/-] 
y/l-( G'^ and we have 

A’. ■ ■ 


JP\ 


A’ 


JPt 


(16.6) 

(16.7) 


Let U.S now eom})ar(‘ the.se e(juations (16.6) and (16.7) with the w('ll-kno\m Apple- 
ton-Hartree formula (1927-29) for tiu wave polarization in order to a.ssoeiate 
eqs. (16.6) and (16.7) with the so-ealled 0- and K- modes. 

Using the right-handed eo-ordinatc .system (Fig. 11 the Appleton-Hai tree 
formula for the wave-polarization in frrms of magnetic vector components cian 
be wiitten as : 


Hz _ 3 r _ It- I. / It, 2 

H, ■■ Jl L 2(r | a+j/y ^ V 4(1-1 a .| Jjff 


(18) 


where the direction of propagation of the radio wave is along the ^-axis. Tu 
J2qs. (18), (1().6) and (1().7) the sign of the charge has not been taken into consi- 
deration. 


In deriving the equations (16.6) and (16.7) the (ro-ordinate system of Fig. 
2 has been used. When eq. (18) is referred to tlie co-ordinate system of Fig. 
2, we have : 


i -- 4. / JT^ \y 2 

Hy y^L 2(l+a+j/i)^V 


(18.1) 
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Z 



Fig. 1. C'O-ordinato Fjystem (Sa)ia <7 r//). 

—> (liroction of tho earth’s magnetic field, 
(liioction of the radio wave propugation. 


Z 


P 


Fig, 2. (Jo-ordinate system (Appleton) 

OH— > direction of the earth’s magnetic field. 
OX— ► direction of the radio wave propagation. 
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whore the dii'oction of propagation of radio-wave is along ^-axis. Hence for 
the O-niode : 


\ H, Jo 


j - rT- / 


(IS.2) 


and for the X-iiiodo : 


i_ - 4 / yr* \-y 

7l 2(l + a-\jfi) V 4( I + a 1 


Since we get from (18.2) and (18.3) 


i- 

Jl 2(1 + a 4i/^) 'V 4(H a+j//)" 


•1 _ ,J 7/ 

7,^ 2(1 +a j j//) ' > 4(1 1 a4jA)^ 


(18.3) 


(18.4) 


(I8.r>) 


From (7.1) and (12) 


r _ y.'L_, -J 

L2(l+a4i//) ^ 


Tr _ 

4(1-1 a fiA)- 


iSince the above expression for -jpi agrees with (18.4) v\v luivc* for th(‘ O-inodt' : 


(? ) 

\ /n 


Similarly for the X-iiode : 


... (Ib.S) 


... (10.10 


In view of Eqs. (16.8) and (16.0) it is seen from (2) and (11) that V and IF are reduced 
to zero; hence the equations (J) and (l.I) lose all their signilican(‘e, if these wave 
equations (1) and (1.1) are associated with the 0- and A^-mode n^spectiveJy. 

K K L A T 1 O N H K T W E K N THE E L E T R I (J AND 
M A (1 N E T I 0 KIEL 1) S 

We start from the e(|s. of propagation of the magnetic vector (1047) : 


-VKS.-jLUy == 0 


^ -VR^Hy-V}LH^ = 0 


... (19) 
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and rotate the co-ordinate system (Fig. 2) througli a complex angle <}>' and put 

jH„ , cos — sin , /Vu . 

= - (20) 
' sin^i' cos?)' ' ^Wn' 

Using (19) and (20) it can he easily showm ; 

Va + {K^ cos2 0' -f A'^ sin^ 0' - 2l sin 0' cos 0' - 4'‘^\ V„ 

-[L(cos2 0'- sin2 0')-|-(A,-A2)sin0' cos0'JW^a - 20'1 Fh+0'W'h ••• (19-1) 

and 

W h+[A'i sin2 0'+ A’a cos2 0'+2L sin 0' cos 0'-0'"]TrH 
— f(A'j A' 2 )cos 0' sin 0'-fA(cos“ 0' -sill® 0')] T/y — —20'Ffl—0'Ffl ... (19.2) 

Putting A)“ ^2. — (} cot 20' Ec(s. (19.1) and (19.2) are reduced to 

*2.J^ 


I'fl-l f A"! cos® 0'-f A'a sin® 0'— 2A sin 0' C(M0'- 0'®]!'// 

- 20'TfY/+0'll^// - (19.3) 

and , 

\V ii-\ f A'j sin® 0'-f'7\'2 cos® <f)’-\-2L sin 0' cos 0' — 0 '‘®]M’y; 

= -20'TV-0'lfff ... (19.4) 

where, 

F// j//;, cos0'-l-//jsin0' ... (2.6) 

Wj, - - iU„ sin 0'-+- i/, cos 0' ... (3.6) 


Putting - — cot 20 Eqs (1.2) and (1.3) can be written as ; 

j>_j_|A'j cos® 0-|-A’„ sin® <p—2L sin 0 cos 0— 0®]F == 20 0W'^ ... (1.12) 

and 

iF-frA'i8in®0-fA’2Cos®0-f2Asin0co8 0-0®]F=-20F-0F ... (1.13) 

Since 0 — 0', wc get from (1.12), (1.13) and (19.3), (19.4) 

F = Vji and IF = Wjj 
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1.0, 

cos sin (}> ^ jHy cos sin 0 

—Ej, sin (p+jEy cos —jHy sin ^4 //^ cos <f> ... (21) 

From (21) 


_ E„ 

H, AV 


A P P E N J) J X 


tan — -v/l+f/-* 

... (i) 

cos 2 ©, = — ' L- — , =- 

/h +1 Vl+^ 

... (ii) 

tan 02 — /^2 ~ ^ d" 

... (iii) 

COS 202 = — L = — • 

Pi+^ Vl+<V 2 

... (iv) 


Now, 

— if j cos^ 024 J^2 sin 02 cos 02 

==— + \ (K,-K.,)c. 0 H 2 (l>.,-Lsm 2 ^, 

Since, (K^—K^ 12 L — O - cot 202 

(72-^ { 14- ] ] + J^ ( 1— 

2 \ cos 202 / 2 I cos 202 


Using (iv), (i) and (iii) 

r/ 2 == 

20 Pi'+P 2 


Now putting 


K,=^\-A, where ^1, = 

c 

= 1— where Ai= ^ 

c 


and 


... (v) 
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We get 


We have also : 


^ J - I ^ 2/^2 
Pi^Pi 


Using (v) and (vii) 


l>r\-fh 



(•,,(r ji') 


Using (ix), (v), (i). (ii) 


... (Vi) 


... (vii) 
... (viii) 


(ix) 


it* 1 

Ui'Vfh 


at' I />i<o,) 

(Hz 


(X) 


Using (x), (vii), (viii) 


Vi-Uh lt'-'rl>-iou 


Hence 


(fi -- cos‘“^2 ■ 2 sin202 ^2 


for the 0-iuode. 


— J — ^ — s(iuarc of tlic conii)lex Pvofractivc Index 


This is the same as Eqn. (i>.l). 

Similarly Eqs. (4.1), (4.2) and (5.2) can he deduced. 

From Eqs. (i) and (iii), we get ... (xi) 

= trl2 

Hence using (xi), (3,1) and (2.2) 

H\ - V, 


and using (xi), (3,2) and (2.1) 
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Using (12) and (J2.1) 
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ORIENTATIONS OF THE ORTHORHOMBIC g-TENSORS 
AND THEIR MAGNITUDES IN Cu (KSO*)^, 6 H 2 O 
AND Cu (NH^SO^);., 6H.,0 CRYSTALS 

A. BOSK, U. S. GHOSH, K. N . BA(i(’HI* and A. K. PAL 

J^KPAirrMKN® OF Ma(;nktism, 

InJ)1\N AsSO('1ATION for the Cui/nVATJON OF S( JEN(K, 

.IaDAVPUR, CAIA LTTTA-H2, INDIA 

{Received 9 , 19 (> 4 ) 

ABSTRACT. Tho priivipal g-viiliios of’ th(‘ magiuMio (•oinpl(‘A OUl-O and th( ir 

orioiitut loriM m lla* iiiut cells of llie two coppt'r tiittou salts ( 'uK^ISOjIj, (ilJjO aiul ('u(NH4)o 
(S()(),^, (iH-ijO liav'i* dctcrinincfl at room temperature with th(‘ help of a 1.2 cm (‘.p.r. sjx'c- 
troni(‘ti‘r. The rncjisurcmriLt ch'urly shows an, orthorhombic distortion of tlu^ jiaramagiv't ic 
compl(‘\ III both tht‘ salts. A dirixd and convenieut method has Imxmi di'vised to find tlu' ortho- 
rhoml)ic g-\’alues and their orientations. 

r N T K 0 1) V C T 1 0 N 

Paramagnetit' resonance' exjierijuont in oetaliedral (hi^' eonipjt'xes has the 
special advantage' eif a very simple' ivsonane*e' e*onelitie)n give'ii by //v ■ <:///// wht're 
the' symbols have their usual signitieance. In gemeral. the^ r/- value's are diflere'ut 
for elifferent dire'ctions of the' applieel magne'tic field exe't'pt in the rare case^ of 
(‘ojn})lex having cubic symnu'try. EarlieT work of Bleaiu'v, Pe'iirose anel Plumpton 
(l!l4i)) on the undihiied copper tutton salts at !)0 K considered in the main a tetra- 
gonal symnu'try of the comjilexes and tetragonal ionic (/-value's 

(f and (jx were de'teriuiiu'el, although t-onu' of theur meire' detailed re'sults indicatexl 
small but appreciable' departure from tetragonality. In the ease of 
bHoO tlu'y calculated indirectly by trial the eirtho-rhmiibic (/-values and their 
orientations at 90^K. 

Ble'aney el al used straight galvanonietrie' eh'teH'tion of re'sonaiice absorption 
and a fluxnietor for tlie measurement of magnedie* tic'ld. Moreove'r some' of the 
planes in which they caiTied their me^asurenients were not natural face's of the 
crystals, which were tlu're'fore expe'rime'iitally difficult to orient liori/.ontally in 
the magnetic field. The're' has be'cn very little further weirk to dete'rmine accurately 
by the e.p.r. methexl the location eif the principal ionic (/-axe*s in crystals, tlmiigh 
this should provide the most fruitful coinpleunemt te> X-ray structural ueirk and 
juagnetic susceptibility data. We have, therefore, developed a elireed, convenient 

♦Bangabasi ( \)llogt', Calcutta. 
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and elegant theon^tical jnetlnxl of finding the ortho-rhonibio gr- values and their 
orit'iitations working in simple planes of the crystals (all natural faces or planes 
normal to natural edges) with tiie helj) of a ix^fined, Ioav noise-to-signal ratio 
(‘.p.r. experimental aiTangement. 

E X P 30 R T M JO X T A J. A K K A N (i JO MEN T S 

The (‘xperijuental arrangements will he described briefly in this paper; 
the (hdails have l)een discussed in a ])r(wi()us communi(^atioii (Ghosh et al, 15)63). 

Th(' spe(‘trom(‘ter is of transmission type and employs a 2K33 klystron as 
th(‘ source of micro vv'av(\s (1 .2S cm wave length). The Hj,) jnode is excited in the 
rectangular /v-band wavegude. Microwaves are fed into and out of a cylindrical 
cavity resonator excited in the (lorn inant mode //j^, placed between the parallel 
pole fa(‘es of a strong ele(*tromagtu‘i (Newj)ort tyi:)e) through tw'o small coupling 
holes at th(‘ toj) hice of the tavitv. The transmitUxl microwav(‘ power is 
detected by silicon tungstcui crystal TN 26. 

Any natural face of a single crystal sample on w hich a jneasurement is to be 
taken is attached flat uf)on the end fa<u‘ of a microwav(^ choke, co-axial with it 
and Hush with th(‘ inner top surface^, j)assing into th(‘ cavity througli a hole at 
the top of it. For measurement in a plane normal to a natural edge, the edge is 
set normal to the face of the choke. By rotating the microwave (‘hoke from above 
the sample can b(" turned through any desired angle with rosjx'ct to the jnagm^tic 
field. Tile cavity is tun(*d by ni(‘ans of a shorting plungcu* at its bottom running 
in a fine screw' thread and accuratexly operated from abov'c. with a gear arrange- 
mentj oven wiicm the cavity is surrounded by a cryostat. 

The actual measurement is made with a phases semsitive detee-tion d(wieo in 
whieh a r/-c d(Tivativo respons(> of the absorption signal is iiltimaUiy obtained in 
a centre-zero micro-ammeter (50-0-50// .4 ) as the static magrietir; field. modulat(xl 
sinusodially at 33 e/s and at a suitable* Ioav amplitude, slowiy sw'oeps the absorption 
line. The position of an absorption ]M*ak is indicated wiien the ceuitro-zero micro- 
ammeter tuhhUo just attains tlie null position aft(*r n^achiiig one extreuiiity as w'e^ 
slowly increase the static field. In this condition of the magnetic Held the. fre- 
cpiency of a transitron oscillator (Knoehle and Hahn; J948) is adjusted to show 
proton resonane^e signal in one of the two beams of a double beam Oossor 1049, 
oscilloscope, the proton pr()]>e being placed very noiir the cavity in tlie central 
region of the poll* gap. The second l)eam of the O.R.O. is utilized in detecting the 
narrow^ paramagnetic resonance signal of a standard sample of the free radical 
D.P.P.H placed at the centre of the tuning plunger of the cavity. Differences 
in the magnetic field for the small differences in position in these cases are found 
to be inappreciable. The g- value is f)btainefl from the relation 
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where is the (/-value for D.P.P.H (g„ ^ 2.0036) and vj^' and v., are the radio 
frequencios at which proton rcsonanco occurs in the inagntitic fields (M)rrcsj)onding 
to the e.p.r signals of D.P .P .H and tlae experimental sample respt^etively. These* 
proton res(3nancc frequencies are measured with the help of an accurate frecpiencv 
meter having crystal check points, Typ(‘ 3010, Fiinkwerk Erfurt, 

T H E O R Y () F HR M E T HOI) OF 1. O A T IN G AND 
M E A 8 XT R I N (; XMX 1 N 0 I P A L I () N 1 O-V A L IT E 8 

Each of the N identical i)ut nonjparallel magnetic complexes in the unit cell 
of the crystal, will in general, give its'^wn separate resonance line. It mav easily 
be shown that if and lx* thi& principal gf-values along th(* three ortho- 

rhombic symmetry ases of an ion thib spe(*troscopi(; splitting factor g. M hen the 
field is applied in a general direction whose din^etion consines relative to G^, G^, G^ 
axes are Z, m and 7i respectively, is given by 

</2 - G^n^+G\7n^+G^ 71- ... ( 1 ) 

From the X-ray structural analysis (Hoffmann, 1931) tin* Tutton salts (belong- 
ing to monoclinic class, s])ace group P^jm) are known to contain two crystal lo- 
graphieally equivalent but magnetically inequivalent (i.e. nonparallcl) ions in 
the unit cell, orientation of one being derived from that of the other by reflection 
in the a—c (010) plane. Tliis is <iorroborated by the paramagentic^ resonanc(* 
experiment (Bleaney ei a/, loc. cit) which shows in general two absorption signals 
corresponding to the two ions, for a given direction of tlu* applied .magnetic field, 
the separation of the signals di*pending upon relative orientations of the ions with 
respect to the magnetic field. Thus, the f/“-ellipsoids given by relation (1) for tlie 
tw'o ions are oriented arbitrarily vith respect to each other, eoiisistent with the 
symmetry of the unit eell. 

Calling the a and b axes of the inonocliiiic crystal X an<l Y axes of our 
co-ordinate system and a line })erp(*ndieular to them the Z axis, its positive^ direc- 
tion being tak(*n to lie* within the obtuse monoelinic angle, the dir(*(*ti()n cosines of 
the G^, and axes of the two ions relative to X, Y and Z axes respectively 
are uTitten in the usual matrix form as 



X 

Y 

z 

^'1 

a. 

±li 

ri 

6 '. 


±7/2 

72 

i«r 


“3 

±^3 

73 


The positive and negative signs of refer to the first and second ion respectively, 
the labelling of the ions as first and »-cond being quite arbitrary. Tlie general 
equation of each of the {/‘^-ellipsoids in X, F, X system can be written as 

= 1 ... (S) 


5 
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where 


Cu = s a^ocr^ 

i=l 


1=^1 


C,:. = S GiW 

t. 1 


... (^) 


fl2 - ±S 

i- 1 


^22 iS OcftiJi ( 

i=l 


== S 6?aiyi 

^-I 


(0) 


Tlie positive sign of ^12 ?23 corresponds to th(^ 1st ion and tlu‘ n(‘gatjve sign 

to the second ion. 

If the values of the six co-efficients ^33, ?2 :j ?i3 foinid 

experimentally, the three prinipal values and and the dircndion cosines 

of 6\, r/g, G.i ax(‘s relative to X, Y and Z axes, respectively, can he obtained 1)y 
diagonalizing the matrix : 


^11 


?,3 V 


?12 

^22 

?2 a j 

(6) 


^23 

?33 / 



Paramagnetic resonance experiments may be pcTfornied to give thc^ values of 
the above six co-efficients. Suppose for the ion, wc^ denote the* (/-values along 
any two mutually })f‘rpendicular directions in the (hkl) plan(‘ of the crystal l>y 
and Let the direction cosines of the normal to this })lane relative to X, 

Y, Z axes be //|, respectiv(*ly and the (/-value along the normal be denoted 

by VVe then have from (3) 




(7) 


Now, the directions of and 17'"^ from an orthogonal set and (jonsi- 

dering the (/^-ellipsoid for the first ion, it can be shown that 

<Jb^^ +y‘ +0 +( 7 *'” {«) 



Heiict' 
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f33(|_/<32) 

Similarly for the seemd ion (using tho minus sign before fj, and ^ 33 ) 

(S) (2) 

f/fl" I !/V'+<> - ? 1 i(I-/'i")+? 22 (' I ? 33 ( 1 -/< 3 ") 

I "fl2/*l/^*“i -?U3A2A3~2f|;)/yi//3 


From (9) and (10), we have 


(«) 


(10) 



ai 2 ^ 1 ^ \ 

f/ Sl(l°+fl)- 






-/«2-)+Ul /'3')-2?13A.//3 


(II) 


and 


The (‘xpreasions for and 7/3 are gven by 


... (12) 






\vl\Cl 


/ >' 
\ a 


I 


c sin // a tan /i 


V 


p is tho ()btus(‘ nioiioolinic an^lo and n :h : c are the axial length ratios which 
an' enongli to ('valiuitc' the direction cosines. 

In pra(*tice the f/-values an' measured along different directions in a 
plane at intervals of 5"" say and values are plotted against the angular rotation 
of th(* sample starting from any arbitrary direction. For each direction there 
will be two j/^-values (‘orresponding to the two ions in the unit cell, but the graph 
for each individual ion is easily re(*ognis('d by noting that maximum and minimum 
occurs at interval since they corn'spond to the minimum and maximum 
semidiameter of the elliptical section of the elipsoid by the working plane, and 
the sum of values at 90 apart is constant as may be seen from equations (9) 
and ( 10 ). 

Working with four different planes we shall have four different equations 
of the type (II) and the four co-efficients fjj, ^ 22 ^ ^^33 easily found. 

Out of the measurements in the above four different planes those in two can be 
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utilizod to get the values of the nunainiiig two eo-effieients ^^23 

of two flifforont equations of tlie type (12). But in tiiis ease a difFieulty arises 
for a possible* ajnbignity of labelling of the two ions in the li.FT.S. of equation 
(12) while going from oiu* crystal plane to the other and two sets of values of 
and will lx* obtained for one ion. For a unique solution we pr<)eeed as follows : 

Instead of four general planes ehosen for measununent one of them is selected 
to be tiu* (t - h (ddl) face or a plane* normal to w-axis. When we work in the (001 ) 
face the efjuations of the two ellii)ses resulting from the intersection of the ellip- 
soids for the two ions by (001) face are obtained from (‘quatiom (3) and (5) by 
putting Z ~ 0, as ; 

and = 1 for the second ion. 

If <p be the angle that a chosijn direction in this plane makes with the AT-axis (i.o. 
u-axii^) and and be the i-emidiameters of the two elli])Kes in this dire^.ction 
for the firnt and second ion respi'etively we have. 

I (1) 

eos^ + ^ +2^12 ^ ^ — (d ~ 

and 

fii cos2 ^*os (/> ^ -- r/J 



1 r 

?12 “ 2 


( 2 ) ( 1 > ( 2 ) 


(13) 


From a similar measurement in the plane with a-axis vertical (plane normal 
to Cf-axis) we get a similar equation for ?23- The constancy of the value of fjg 
^23 obtained from different pairs of measurement at 46° apart provides 
a check on our measurement in these two planes. 

Thus, measuring the ^-values for the twm ions at 46° apart in the (001) plane or 
the plane normal to a-axis and using equations of the tyjK^ ( 13 ) we shall get unambi- 
guous magnitudes of fjg C 23 l^^^t with an ambiguity of sign. Then of the two 
possible sets of solution of and £33 obtained from the two equations of the 
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type (12) the set for whicJi the magnitude of or agretss vvitli that obtained 
from the eejuationof the type (IH) is to Im considered as the (iorroet one in sign and 
magnitude. At the same time this procedure provides a clieek on the magnitudes 
of or ^23 and hence on the moasuremonts eoneemerl. 

It sliould be noted tbat the sign of 5|2 ami becomes reversed while going 
from one ion to the other as seen from equation (.5), If they are determined with 
an ambiguity of sign such as atii ^23 ^ i:^-, we can uniiiuely find their 

values as follows. We start with the following two possible sets from one of the 
two ions 

?i2 — ’ ?i|a “ 

or £12 ^ ^ ’ ?I3 — - ••• (14) 

Tho (‘orroct Si‘t will I)o de<^i(l(‘rl from moasuremont in another plane and equation 
(12) so that th(‘ absolute jnagnitiides of the L.H.S and R.H.S. of equation (12) 
are ecpial. The eorreet s€"t for the other ion eorrespondiiig to inimefliately 

follows 

l!i some planes of the tutton salts depcuiding upon the nature of the crystal 
the absorj)tion signals for the two ions are not well rc^solvcd and these faces are 
gemTally not ehoosen for our measurement. In the a c (010) plane, the signals 
fur the two ions will eoineide. This is because the two ellipses resulting from the 
interseetion of the two r/^-ellipsoids by the (010) plane coincide with each other. 
The equations of the two ellipst's are found to he tlie same and given by 

I 1 ... (ir>) 

Measunmient in this plane will not only simplify the equation (11) wliieh becomes 
Oe^ \ + serves as a eheek on the value of f.3 obtained other- 
wises From (15), g\tax plane is given by the two roots of A of 

the following deterniinantal eepiation 

-- 0 


or 

A = i [(?xi + U±V(?ll- ?3.3)^-| ^r,3 


Hence 

(gm<J - = (?u-?33)--M^13= 

... (16) 

Also 


... (17) 


Thus check on the magnitude of ^33 can be made with the help of equation (16.) 


With the general methods discussed above all the six co-efficients f/j s can be 
determined, and the matrix (7) is then diagonalized to give the principal s^^.yalues 
and their direction cosines. Instead of solving a third order secular equation 
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which involves solution of a ciit)i(; equation which in turn (;ften introduces a large 
error in the final result and sonu^timcs leads to imaginary roots due to small errors 
in the experiiiKuit the matrix (7) is diagonalizcul hy tlu* matrix method of succes- 
sive approximation (Ny(' 1957) is fonrul to he the most siii table in such 

calculations. 

In practi(*(* sp<‘cial plam^s mv chosen de])ending upon the tyf)e of salt undcu* 
inve^^tigati()n, siicli that while solving for the six <*,o-(‘fficients calculations are 
made simplified and tlu^ number of working planes is reduced to a minimum, fn 
the casc^ of tiH.jO it has been shown in the course of th(^ following dis- 

cussion that measurements in three appropriately chosen planes will suffice to 
give the six co-efficients with a procedure slightly different from that outlined in 
the general method. 


\i K 8 V L T S 

( 1 ) CuK.i(8()^)^AiH^0 

Tn this case measunmients have been made in tlu' following thnn' natural faces 
of the crystal (1) V' i.e. (OOl) ])lane (2) (f i.e. ((Ul) or (Oil) plane (3) 7 / i.(^ (1 10) 
or (ITO) plane. A (dieck on our results has been made with an arlditional im^asun^- 
ment in the (010) plane. As indicated above then' are two possible values of 
the Miller indices for the 7^ ^*^^1 7 faces and hence//., has (‘qual magnitude but 
opposite signs for the two possible values of the Miller indic^c's of each of these 
planes. But equation (10) does not depend on the sign of //^ and tiu' ambiguity 



Q (in degrees) 

Fig. ‘ab’ fac*e 0 u(KS 04 ) 2 , 6 H 2 O, 
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ol its sign adds no furtlu.r coin|>liriation to (‘qiiation (Jl) since the ambiguity 
of the sign already present in the L.H.S. of equation (II) is removed by the 
jjrocedure deserihiuJ earlier. 

(j -values are plotted against angular rotation of the sample in each of tlic above 
three plants (Figs. 1 , 2, 3). Thi' (j^—O graphs show common r/- values for both the 
ions in two directions in each plane. From e(}uation (3) we find that for both the 
ions the value of the along V/' aiul 7/ (i.e. X and Y) axes are and f,, respec- 
tively which indi(!at(‘iS th(‘ common (/-values for the two ions in these directions. 
Since only the a-axis lies in both 'c and plain's we can find tlie value of from 
tht‘ graphs for tlu'se two planes (Figs. 1 and 2). 



Kig. 2. "(] face', OHjO. 

Saving found the valiio of tlio miiaining fivo oo-eSicionts are obtainwl 
from the measurements in tlie above three planes and equations (11). (12) and 
(13), and removing the ambiguity of tlie sign of f,. and ^ manner stated 

earlier ; no measurements in extra planes are lu'cessary. However, the mea- 
surement in the (010) plane (Fig. 4) is usefl as a cheek on these values. The 
matrix (7) is thus found to he 


6-201(3) 

- .646(8) 

- .140(0) 


- .646(8) 
5.061(6) 
.091(0) 


- .140(0) 
.091(0) 
4.:J02(8) 



370 Bose, U. S. Ohosh, JR. N. Bagchi and A. K. Pal 

r>. 700 
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Fig. 3. ‘p’-ftt 
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Fig. 4. Plane normal 
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This matrix has been diagonalised by the matrix method of successivci approxi- 
mation and leads to tln^ ]>rinc*ipal f/“-vahiC‘s and direction cosines as follows: 


4.225(4) 

a, - .295(0) /i, 

-.291(5) 

Ti ^ 

.1)10(0) 

4.65f)(l) 

-- .580(0) /i.j, 

- i695(9) 

72 

- .413(1) 

^'“2— 5.085(4) 

aj - .750(0) 

.056(4) 

7:i 

-.034(9) 

The principal (/-vuilues 

and tluMi* angular orientations relative to 

the cry stall o• 

graphic axt‘s are given 

in table I. 


“ 



TABLE 1 





a{X) HY^Xh) 

c'(Z) 

Xt 

Xl: 

-- 2.05, 

72 50' 100^60' 

24 30' 

.70 5' 

1 53°22' 

(2.04) 

(74 20') (104”64') 

(2r’57') 



{K->)02 2.ir,7 

54 5' 134 '6' 

1 14 24' 

. 55 30' 

03 45' 

(2.14) 

(53° 12') (13510') 

(111 40) 



{K:i)G:i 2.38t 

41 0' 4S .59' 

02 

41 20' 

H5' 4H' 

(2.80) 

(41°5') (40 ) 

(02 0') 




(values Avitbin ])arentliese‘ are obtained fmm the approximate n^ujts of Bleaney 
cl ffl at hO'^K) 



Fig. .A. ‘a.b’ fjHM* Cii(NHiS()i);>, 
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r).3r)0 r 
55.200 

5,000 

4.800 

4.600 

4.400 

4.200 



40 80 120 160 200 

0 (III dogroos) 

Fig. 0. PlaiK' normal to b-axis Cn(NH 4 S 04 ) 2 , GH 2 O 


(2) CuiNH.USO,),,, 

In this cry.stal from nioasureinent in the V/' i.e. (Oil) or (Oil) plane, it was 
found that tfie (j'hs. 0 curves for the two ions are not well resolvcnl over a com- 
paratively large region (Fig. 0) and hence one of the intersecting points could not 
he accurateely decided, so that the results in this plane could not be used. This 
made it iHH*(*ssary to take measurements in four different planes, viz., (1) ‘c’ (001) 
plane; (2) i.e. (HO) or (110) plane: (3) plane normal to the u-axis (4) (010) 
plane (Figs. 5, 7, H and 0). 

From the measurements in the above four planes and equations (11), (12) 
and (13) and removing the ambiguity of signs of fl2 and ^23 in a manner staterl 
earlier, all the six (io-effic’cnti' have been determined and the matrix (7) is 
found to be 


r).(«2(l) .140(0) .411(8) 

.140(0) .5.002(0) .447(3) 

.411(8) .447(3) 4.641(6) 

Diagonalization of this matrix leads to the principal ^-vah4es and their orientations 

given in table II. 
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TABLE TT 




<‘UX) 


<■'(/) 

Xi 

X 2 

(Ki)a, 

2.or.s 

Knr.u' 

1 IT) "45' 

33 30' 

77 3' 

150"44' 

{K,) 0 ., 


4J 

1.31 51' 

02" 14' 

54"5S' 

01 40' 


2.35» 

54^54' 

0 

0 

i 

5(r3(V 

37"50' 

95^41' 



DISCUSSION 

OF THE 

K E S U L 

T S 



It M’il be seen from the results that the ellipsoids are of definitely ortho- 
rhojiibie s\7nmetry at for both the salts and the departure from tetragona- 

lity is greater for the ammonium salt. The irielination of the axis to the 
;\;i-axis, maximum prim ipal crystalline susceptibility axis in the plam^ ( 010 ), is in 
fair agreenuuit w ith the angle which the eorrospimding A'.^ axis (principal ionic sus- 
ceptibility) makes with y^-axis, calculated from magnetic aniHotroj)y data on the 
assumption of approximate tetragonal symmetry about the K.^ axis. Tiu‘ orimita- 
tions of the X\ ^2 crystals are obtaim^rl frcmi magnetic aiiisotroj)y 

experiments ((Bose rr/, 1957). It will be seen that the angle from Table 

T for the potassium salt is 4r 20' as against the angle K\\Xi - 41' 24' caleulatecl 
from magnetic anisotropy data. Tlie angl(%s made by and K witl) Xa 4S ‘ 59' 
and 48'^ 30', respectively. Similarly, for the ammonium salt tlu^ angles with reference 
to Xi 37*^ 50', 40' 24', and with reference to ^ 3 , 52 45' and 49 30'. Tlu‘ angles 
made by ^ ‘ with the ^3 and Xi directions in this salt an^ sonu*what 

different. It is also to b(‘ noted that though th(^ two salts an^ isomorphous the 
orientations of axes an‘ very different in tlu^ two. 

In the case of the potassium salt, our values of the angles and also the G; values 
at 300°K are somewhat different from those of Bh^aneye^uAfrom measurements at 
OO^'TC given in parenthesis in Table I; this is to be expect(‘d, sini^e calculations from 
magtic^ anisotropy data (Bose et al loc, cit.) do show small variation of the angles 
between 300'*"K and 9(f K. No similar data for the amjiK)nium salt are available, 
bfit in this cast^ magnetic anisotrophy calculatir)ns show large variation of some 
of the angular parameters with temperature, and thesis are being currently 

investigate^fl by us in greater details. 

/ 

The importance of a|>ove investigations for X-ray structure analysis is obvious. 
Moreover, when Ave hav4 extendcxl these measurements to high and low tempera- 
tures, the large amount of magnetic anisotropy data for paramagnetic (crystals 
accumulated by us, will be amenable to accurate and unique interpretation in 
terms of the anisotropic ligand field theories de\ eloped by us in recent years (Bose 
et al, 1960 , 1961 , 1963 ) , 
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X-RAY ANALYSIS OF RADIOACTIVE FALLOUT 
OVER CALCUTTA 

PKABTIl K. SANDELl., J. MUKHEIUEE and SUSHTL K. DAS 

Department of rjiy.sifs, Jaoavpi’p I’nivkusitv, (\\l(’ijtt\-32 
{Beccived, Scjdember 9, 1003) 

Since 1961, the radioactive fallout over Oaleutta lias been systematically 
oolloctcd and studied in our laboratory. The sanqdes M'cre ^n-nerally classified 



75 70 65 60 55 50 45 40 35 30 25 20 J5 JO 

Fig. I, X-ray ISpoctrum of Sample — A, at 36Kv, 24mA. 

Scale factor — X 8 between 9*^ to 24® 


X 64 between 24® to 43° 

X 8 between 43° to 75® 

2$ Scans. Time constant— 4, 
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S( alo fuctor : — 


Fig. 2. X-ray Spoctmm of 8amplt\--B, at 3()Kv, 24inA. 
H hctvvfon lO'’ lo 7/)° 


20 S(tau. Thao fonstaiit— 4- 


iuto three groiip.'^. The first Group 1 (samp](‘ A) (joosisted of air-liorne })articJes 
(le])()sitefl in an enamelled tray sni(*ared with glyeerine, on diy rainl(%s days. 
During rainy days, however, tile rainhorne dust was colhadt'd along with rain- 
Avat(‘r in an empty tray. The w'at(‘r was filton'd. tin* insoluhh* residiu^ forming 
th(‘ material lor Group 2 (Sample B). The filtrate was finally (‘vaporated 
to dryness, yielding working material for Group If (sample 0). The samjiles 
were se])arately powder(‘d in an agati* mortar and ])ress(Hl into pills of appro 
priat(' sizes. 



75 70 65 60 r)5 r)0 45 40 35 30 25 20 15 10 

jTig, 3. X-ray Spectruni of Suiiiple-^C, at 36Kv', 24iiiA. 

Scale factor : — X 8 botwoeii 10° to 75 
29 Scan, Time constant— 4. 


Tlic X-ray spectrographie analyses were carried out with a plane crystal 
cpiartz X-ray spectograph whose analytical range extends from Ti (At. No. 22) 
upwards. An appropriate idea of the distribution ot the heavy and light elements 
was obtained by varying the high tension applied to the X-ray tube. The X-ray 
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Bpt'ctra of the samples A, B, and C, so obtained, were compared with standard 
curves of the following elements, Ni, Ou, Fe, Mn, Bi and Au. under the same 
parametric conditions for 26 calibration. To detect the presencfo of recognisable 
(piantities of Uranium, all the spc^ctra were compared to the sp('(!tnun of a 
uraninite mineral sample. 

The graphs A, B and 0 represent the spectra of the respective group samples 
taken at I16KV and 24MA. The spt^ctra have been crosschecked in every case 
with those taken at 20 KV. 24MA. The (‘lements identified ar(i tabulated 
.sample-wise in Table I. 

It may lie noted that Pb and W ])eaks an* jwesc'nt in all the graphs. Pre- 
sumably the VV lines (twt- their origin to the of Hardtack test or scatterings 
of the incident beam, while the Pb line's could also b(^ due to the presence of lead 
lining of the .samjde^ holder. 


TABLE 1 


iSamplo A ; Zn, Fc. Cti, Th, .\In, Ni, Au, Hi, Rh, .Sv, Yli, Ha. 

dry fallout 


Sample H ; Zri, Fe, Cu, Mn, Sr, Ni. Au, Hi, Rl), Ha, Vlt. 

Residue from rain- 
borne fallout. 


Sample C : Zn, Fe, (!u, Sr, Ni, Jfn, Hi, .Au, A'b. 

AVuter soluble salts 
from rainborivo 
fall-out. 


In sample ‘A’ (dry fallout). Zn. Uu. Fe, and Sn are pre.sent in much greater 
(piantities than in sample 'B', filtered as rain-borne fall-out. Th is present 
only in sample A. It may be noted that Zn predominates as a wati'r soluble 
salt, while Ba and Fe predominate in insoluble form. Tlu' jiresimci^ of large 
quantities of Fe, Zn and Mn have also been (iurroborated by chemical analysis. 

We arc indebted to Prof. 8. 1), Chatterjee for his active interest and guidance 
in the work. 
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THE CRYSTAL STRUCTURE OF PYROCATECHOL 
S. K. TALAPATRA* 

JnDTAN AHflOcrATION FOR THK ( ’ULTIVATION OF SciKNCE. .TaDWPIIH. OaW rTTA-32. 

(Urcfired Jntic 22. 19f)4) 

The striietural fonnula of pyroeatochol is slunra in Fig. 1 . 

Caspar! (1926) obtained tho .spaee group of pyroeateohol as C2/iii with a — 
17.46A, h - 1().74A, e -- r>.4A, ji 94° If)' and n - 8. Kitaigoroilskii (1948) 
found this data iiuionipatihle on the basis of the theory of elose lacking of organie 
inoleeides. and redcdermined th(^ sj)ace group as P2,/e with « - 10.1 5 A. h 
ri.-iSA, c — ll.OOA. /? — ] IS"" and n — 4. Inframl absorption sfx'ctra of pvro- 
(‘atccbol in solution sliow tAvo sliarp and noarly ocpial peaks in the region of 0-H 
lundainental (Davies, 1938) indicating thereby the presence of a weak intrainole- 
cular hydrogen boTid. Pauling accounted for the two peaks by assinnine; that onc^ 
of the two O — ff bonds in the molecule is in the cis position and tlie other in tlio 
Ufitfs position. Tt was, thendore. of interest to determ inc^ the crystal stnudure 
and study th(‘ nature of hydrogen bonding iirtlu^ solid state of pyi ()catechol. 



Fig. i. 

The substance* is highly hygroscopi<* and gradually sublimes at looni tempcTa- 
ture and as such a small single crystal was sealed in a thin-walled glass capillary 
of .4inin diameter for taking the X-ray photograplis. Preliminary investigations 
tH)nfirni(*d the sjiaei* group and cell dimensions obtained by Kitaigonxlskii. This 
coll could also be obtained by suitable reduction of the arbitrary unit cell suggested 
by Caspari. 

The short b axis indi(‘at(x^l that the (010) projection was likely to be most 
informative, and thus zero layer W(*issenborg i)liotograpbs about |010] axis using 
GiiKa radiation were taken with different times of exposure, and the relative 

♦ Lecturer in Pliysics, .Tadavpur University, ralcntta~32. 
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integrated intc^nsities of the sjxds were estimated visually. Tfie relative intensity 
data were then plaeod on tlie absolute seale by Wils{)irs statistical method (1942). 
The atomic scattering factors of carbon and oxygen were taken from Bergliiiis 
e( (d (195i)) an average isotropic B fa/dor of 3.0 A“ was used. 

In deflucing the trial stnndiire, the pyroeatiudiol mol(‘cnl(' was assumed 
to be planar with 0 — OH bond length ecjual to that of a-n^-ioreinol (Boberts on, 
1930). Since pyrocateehol contains atoms of nearly the same scattering factors 
(Carbon and Oxygen), and tin* (010) proj(‘etion gives the plane group P2 with 
only two molecules per effective unit cell, it vcas considered convenituit to make 
direct use of tlu‘ Foiiricu'-transform principle (Hanson ct <//., 1953). Th(» ho| 
weighted recipro(‘.al-lattic(‘ se(*tion (Pdg. 2) shows four prominent pc*aks on the 



Fig. 2. Hol-H('t*ti(>a of wcnghtoil re^*ipro.*til-latti(M' of pvrorutochol with brckori lirioH 
representing the noclal linos of the fringe Hy.sn‘m. The t)en/.ene peaks an* indicated by small 
circles (weight proportional to the unitary structure factors). 

‘benzene eirck*' (Taylor, 1952) and two loss promintmt ones extended beyond it; 
when joined together by straight linens they make a ede^ar hexagon. 

These peaks are, evidently, due to the benzene ring, which ft^rms the nucleus 
of the molecult^ and art^ loss effected by the OH groups, as the centrosymmetrical 
portion of a molecule has always a stronger infliieiujo on its transform than the 
non-centrosymraetrical portion. The projected shape of the benzene ring Was, 
therefore, obtained from the positions of the peaks, and the tilt of the molecule to 
the (010) plane was calculaderl to be approximately 33'h Careful search of the 
weighted section also indicates the presence of straight nodal lines of a fringe 
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system jiresumably produced hy the two eentrosymmetric beuzeiK* rings in the 
efteotive unit (^ell From their positions, the coordinates of tlu^ centnvs of the 
molecules were deducetl as z == ().9A and x = l.bA. The positions of the OH 
groups were then fixed by trial-and-error method. Taking the coord inatts: of 
carbon and oxygen atoms thus obtained the structure factors of all the ()bserv"(\l 
(hoi) reflections were calculated. This showed a residual of 40% (approx.). 
The (010) electron density projection was computed after assigning th(‘ calculattMl 
phases (signs) to the respective observed structure amplitudes (Fig. 8). 



Fig. 3. First (010) electron, density projection with contours drawn at arbitrary intervals. Zoro-(d(*ctron 
contours an> sliown by broken linos. 


TABLE I 


Atom 

.r/fi 

zir 

Atom 

:i'la 

zlc 

Cl 

•f 0.426 

+0.302 

C.-! 

+6.230 

-1 0.22() 

V-2 

+ 0.42.') 

+ 0.433 

C« 

+ 0.331 

f 0.203 

Oj 

+ 0.328 

+0.453 

0, 

^ 0.140 

+ 0.11S 

Cl 

+ 0.225 

+0.356 

Os 

+0.125 

+ 0.370 


In the electron density map the atoms are well resi)lved, and the carbon 
and oxygen peaks are distinguishable. The x and z coordinates (Table f) obtained 
from the map gave better agreement between the observed and calculated struc- 
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ture factors, and the li value dropped to 30%. Further refinement is in progress. 
Details of the investigation will be published shortly. 
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ELECTRON MOBILITY IN A MAGNETIC FIELD 

S, N. SEN AND R. N. GUPTA 

Department of Physics, University of North Benoax, 

SiLiGUKi, We*t Benoae 

{Received Maly 2, 1964) 

ABSTRACT. Tho values of electron nubility in nir in presence of n magnetic field 
varying from 0 to 200 Gauss and (wr a wide range of pressure have i)een computed from break- 
down measurements. The validity of tho expression = (1 -fCiH^/Pa) deduced by Town- 
send and Gill (1038) and also by Blevin and Haydon (1958) has boon tested by plotting 
/‘//'ff against l/p2 ami the < urv(' is a straight line for a limited range of pressure above .12.5 
m.m. of Hg. The constant Ci is found to decr*tus<' with tho jrureaso of the magnetic field 
and the curve of fh against H is parabolic in nature. .An analytical expression has been de- 
duced which explains tho observed \ ariation to a first approximation. 

1 N T 11 0 D U C T I 0 N 

It was shown by Townsend and Gill (193H) that the mobility of tlie electrons 
in the direction of the field in presence of a magnetic field is retluced and is given 

by 


Afl - i- 




1 + WjV 


... ( 1 ) 


where r m the tiin<* betM'e(»n two successive collisions and cog — eHlmc. Blevin 
and Haydon (1958) considering the bulk propertios of electron avalanches have 
deduced that 


“ \+(\.IPjF^ 


( 2 ) 


where 6’j = 


* , L denoting tho mean free path of the electron in the 

.m u J 


gas at a pressure of 1 m.m. of Hg and « dentttes the rantloin velocity of the electrons 
in the gas. It can easily be shown that equation (1) reduces to equation (2) 
if a simple calculation be carried out; from equation (2) it is seen that 


and if the values of fij/iu be plotted against 1 /P®, for a constant value of the magnetic 
field then the curve should be a straight line and the intercept of the curve with 
the axis along which /ij/ig has been plotted should he numerically equal to unity 
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while the slope of the eurv(' should provide tlio value of the constant (\. The 
object of this note is to verify equation (1) or (2) so as to determine the range of 
pressure over which it is valid and to see whether (\ is a constant over the range 
of magnetic fii‘ld investigated. 

METHOD OF COMPUTATION OF MOBILITY 

In our prelijiiinary note we liave not made any expcTiniental measurement of 
mobility which we propose to undertake very soon. ITnfortunately we have not 
come across in the literature*: any data for the measurement of mobility in a mag- 
netic field. Sen and Ghosli (lb()2) determined the breakdown potential in air in 
presence of a magnetic field varying from 0 to 200 gauss and over a wide range of 
pressure. If E denotes the breakdown potential per unit length then the random 
velocity u can be calculated from the relation 

i mu^ ^ eE 

and the drift velocity of the electrons can be determined from tlu‘ relation 

V — {Ky^i'u. 

where K — (2nil3I) 

where rn is the mass of tlu^ (dectron and M is the mass of the positive ion. (Von 
Engel (1959). That this method of calculating the dirft velocity of electrons is 
rc^asonably accurate* is evident because the same ord(T of drift velocity has been 
obtained as is found in the literature. In presence of magnetic field also the same 
procedure of calculating the drift velocity from breakdown jiotentials has been 
adopted. 

I) T S (J IJ S S I () N A N D K E S U L T S 

The values of /////// havt* b(*en plotted against 1 in fig. 1 for different values 
of the magnetic field. Tlie curve is a straight line for pressures above .125 mm 
of Hg and below this value it bends down in each case with a negative slope. The 

TABLE I 


Magnetic field in 
Gausd 

Cl X lOT 

20 

6.02 

30 

3.80 

50 

1.60 

100 

.66 

150 

.41 

200 

.52 



385 


Electron Mobility in a Magnetic Field 


intercepts made by the curves are <lifferent for different values of the magnetic- 
field and lies between 1.0 to 1.1. The values of as calculatcfl for different 
curves are entered into Table I. 



Fig. 1. l//>2 -> 


From Table I it is evident that (\ as deduced from tlu‘ curv’^es is not a constant 
but d('creases with tlu^ increasi' of the magnetic li(^ld and the average value as de- 
duced by Hen and Ghosli (1902) namely 7.464x10” is grtNXter than the highest 
value obtained here. The values of C, (calculated from different curves have- 
been plotted against the (corresponding values of the magnetic field and the 
curve is parabolic in nature. Haydon (1961) has also n'ported dilft'rent valiucs of 
Cl for Hydrogen by plotting Jocq where oc is the first Townsend coefficient 
against values of (H/E) varying from 9 to 2.5. Prom this result h(‘ has con- 
cluded that possibly drift velocity is a linear function of {EjP) for small (EjP) 
values but varies as (JK/P)” wliere n > 1 for larger values of {EIP). An attempt 
has been made here to explain the variation (jf (\ with with H. We have 
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whore ia a constant, and Ujj is the random velocity of electrons in prcsenco of 
a magnetic field. That the random velocity of ehudrons varies in presence of 
magnetic field is ev'ident from the fact that the electron temperature which ia 
a measure of the random velocity varies in a magnetic field also . Hence 

t'l = where K = (imlM) 
vu 

= where a' is another constant. 

and it has been pointed out by Blevin and Hay don 
VoIvb = 

Cl = ^ 1^1 where a = a'jv 

^ ~ 2aIPIP* 

_ [l-2n • H2/P2]l- ^T-4rtH‘^ 

JalPIP* 



which shows that tlie value of (\ should decrea.se with the increase in magnetit; 
field. The nature of tlie <!urve in Fig. 2 shews that for values of magnetic field 



Fig. 2. H in gauss — > 

greater than 100 gauss, the value of 0^ tends to assume a constant value where 
as for smaller values of magnetic field it is very susceptible to change for 
changes in the magnetic field. 
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In conclusion it may be stated tliat the exprc'ssion for mobility of electrons 
in a magnetic field as deduced eitluir by Townsend and Gill or by Blevin and 
Haydon is valid for a limited range of pressure above .125 mm of Hg and the cons- 
tant becomes a function of the magnetic fudd, but practically becomes a cons- 
tant for values of magnetic field greater than 100 gauss. At the same time, 
it must be borne in mind that the (tonolusions readied above are derived from 
computed values of mobility from breakdown measurements, which the authors 
think are liable to error. A systematic investigation of mobility measurements 
in presence of a magnetic field has therefore been undertaken and the results will 
be reportal in future. 
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The present work forms part of a programme of work in the T.S.l.R. scheme 
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Scientific and Industrial llesearch Government of India for financing the Project. 
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COHESIVE ENERGY, COMPRESSIBILITY AND THERMAL 
EXPANSION OF DIATOMIC CRYSTALS 

C. M. KACHHAVA AND S. C. SAXENA 

Physics Department, Rajasthan University, Jaipur, India. 

(Received December 13, 1963 : Resubmitted May 25, 1964) 

ABSTRACT. In this paxper wo suggest various niiithods of calculating cohesive energy, 
compressibility and thermal expansion of diatomic* crystals, and apply them for the particular 
case of alkali halides. The procedure suggested by us recently for evaluating one parameter 
of the potential energy function by using the molecular constants is upheld and confirmed, 
as the results, thus obtained, favourably compare with those based on crystal constants only. 

INTRODUCTION 

If the interaction potential energy between atoms of a crystal lattieo bo 
known several macroscopic properties can be predicted. However, even to fix 
the two unknown parameters of the simplest potential energy expn^ssion one 
needs the knowledge of equilibriinn interionie separation in the lattice the 
compressibility /^, its temperature and pressuri' derivatives, and the coeffieient of 
thermal expansion a. Bom and Huang (1956). Usually such data are not avail- 
able and therefore alternative procedures which may not require the knowledge 
of so many crystal properties will be useful. A somewhat limited success only 
has been achieved in this direction }>y assigning a finite size to the ions or atoms 
constituting the lattice, Kettcl (1956), Pauhng (1960), and Kachhava and Saxena 
(1963a). 

Recently we (1963b) have suggested to fix one of the parameters of the 
potential energy function of the diatomic crystals by considering the equilibrium 
intemuclear separation and the fontc constant. This procedure therefore' requires 
the knowledge of a comparatively smaller number of crystal properties and hence 
can be useel for their determination. We in tliis paper propose to investigate in 
particular the diatomic alkali halide crystals and will consider the throe simple 
properties viz., cohesive energy (W), ^ and a. 


POTENTIALS AND DETERMINATION OF 
PARAMETERS 


We will consider in our calculations the following three forms for the 
mutual potential energy per ion-pair in a crystal lattice, ; 


^(r) 


of _C D . A I 

r r* r® r" ’ 


... ( 1 ) 
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</>(r) 


<xe 

r 


* ^ +A 

^8' 


and 




( 2 ) 


( 3 ) 


Hero (}>(r) is the potential energy of an ion-pair interacting with th« rest of the 
lattice and with each other, r i.s the interionic separation, a the MatU'hing cons- 
tant, C and D are the van dor Waals constants, Af, A A. a, p and or art^ the 
potential parameters. Tlu' first two are the familiar Born an<l Born-Mayor 
potentials respectively, while the third one is usuallj n'fi'rred as the Gaussian 
potential and is due to Varshni anil fShukla (H>61). It will he noted that all tho 
tliKiO potentials differ only in assuming the different forms for the overlap energy, 
and this form will bo used to characterise the potential. The constants (' and 1) 
have already been evaluated by Mayer (1933) and we have used the values given 
by him. 

One constant of each potcuitial i.e. p or rr can be dcterminwl using tho 
molejular constants and ado})ting tho proctslure given by Kachhava and Saxena 
(19636) except we liave used potentials similar to those given by Eqs. (1) to (3). 
The other constant is evaluated from the condition, 

0tr = r„. ... (4) 

dr 


A more general form of Eq. (4) in 

^ d,p(r) ^'irT ( \ <51^ \ ... (5) 

dr p I I' ' i’ 

In Eq. (fi) V is the volume of the molecule, 1’ and P represent the volume and 
pressure respectively, aiul (^y of^p ^***^'’'*** 

Born and Ma.yer (1932) have also derived the relation 

'df )/* (t dr)p(7 dp)r} 


, 2W1 1 

3 \ 1' dTip] 


( 6 ) 


The quantity within square brackets in Eq. (6) is usually not nmch (hfferent from 
unity around room temperature and is equal to unity at absolute zero. Equation 
(6) is therefore very often uscxl in the following simple form and specially when 
the various derivatites of p, and a are not known . 

3 <P<l>(r) _ 9e 


( 7 ) 
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Equations (5) and (6) may be combined to eliminate a yielding the relation 



Equation (8) can also be us^hI to evaluate^ the second potential parameter if fi 
and its temperature and pressure derivativ(*s be known. 

One can also eliminate fi from Ecjs. (5) and (7) so that 

d^(r) _ urT (P^r) 

'dr 3 rff- ' 

Equation (9) can also be used to determine the scHJond potential ])arameter when 
a is known. 


COHESIVE ENERGY 

Thus, knowing the potential i)arameters, (J>(r^) and lienee the colu'sivc^ (mergy 
per mole, W, is computed by the following relation : 

W ^ - [N<f>{r,)+e,). ... (10) 

Where N is the Avogadro's number and is the zero-point energy per mole. 
We have used the Gq values given by Cubieeiotti (19.59). 

Computed values of tlie (cohesive energy for all the alkali halide (uystals 
according to the various procedures outliru‘d in the previous section are rcjiorted 
in Table I along with the experimental values. Columns 3, .5 and 7 list the cal- 
culated values according to the potentials of Eqs. (I), (2) and (3) respectively. 
The two potential parameters were determined in each eas(5 by using the mole- 
cular constants and the approximate condition given by Eq. (4). The agn^ement 
between theory and experiment is not satisfactory for the inverse potential but 
is good for the exponential and gaussian potentials with a preference for the 
former. To see the effect of using the approximate Eq. (4) we liave alsf) evaluated 
the potential parameters of the exponential potential in conjunction with the 
molecular constants and Eq. (5) and the values of cohesive energy so obtained are 
given in Col. 9 of Table 1. These values are in very much agreement with the 
values of Col. 6 thereby indicating that the use of Eq. (4) instead of Eq. (6) will 
not vitiate the values of W appreciably and is important, for Eq. (5) involves the 
knowledge of both a and fi. 

Evaluation of y otential parameters from molocular constants and Eq.(9) 
yields values for W which are listed in Col. 11 of Table 1. These values refer to 
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the exponential potential and are also in good agreement with the experimental 
values. In an analogous fashion Eq. (8) ean alst) be used instead of Eq. (9) to fix 
the seciond parameter of the potential energy funeticin. The calculatc^d values of 
cohesive energy obtained in tliis manner anrl on the exponential potential arc 
reported in Col. 13 of Table 1. This approach, however, does not always lead 
to satisfactory results and in Table'- 1 we fist only those cases w'here agreement with 
the experimental values is reasonable. The reason for the failure of this method 
ean be easily understood if w^e look into the following expression used for the 
determination of the potential param»t«'r A., : 



A,= 



) ¥ ) +2\ 

/r>l dP It i 

t I 

I r„ r„« J 


- +2 

L /> 


A 


1 (i/j 

OP I 


... ( 11 ) 


For all tho8(* substances where enhanced discrepancies are found it turns out that 
the value of is sensitively controlled by tlie terms containing . Tt so 
happens that both numerator and denominator effectively become th(‘ differ- 
ence of two almost equal quantities and as the accuracy with which is 


known is rather small we get absurd values for Ao from Kq. (11). 

We (1903c) have also recently computed the cohesive energies of all these 
compounds on these three potentials using the crystal properties only viz., Eqs. 
(5) and (0). The averag(‘ absolute deviations for the inverse, exponential and 
gaussian potentials are 1.1, 0.97 and 0.95 per cent respiT.tively. The results of 
Table 1 are thus of (comparable accuracy and (confirm the ap])roach adopt<‘d in 
their calculation. This procedure lias the advantage of unifying the molecular 
and crystal properties on the basis of one common parameter and also for deter- 
mining the parameters, knoMiedge of a and ji is not requir(xl and therefore these 
properties can be pnMlict^H:!. We Avill consider this possibility in the next two 
sections. 


COMPRESSIBILITY 

The potential determined from the knowledge of molecular constants and 
Eq. (4) ean be used to calculate ft from Eq. (7). This method is rigorous but for 
the fact that values used in computation refer to room temperature instead of 
0®K. Actual calculations reveal that this approximation does not affect the 
2 
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values of P very much and can bo taken as an approximate method for evaluating 
it. Calculated vaJues of p according to this procedure and for all the three 
potentials are given in Table 2. The direct experimental values at 26°C as well 
as those reduced to 0°A in conjunction with the data of Cubicciotti (1959) are 
also listed in this tables for comparison. The values obtained on the basis of the 
inverse and gaussian potentials are inadequate while the exponential potential 
yields better results. The calculated values of P are also given for the ex- 
ponential potential leaving van der Waals terms with a view to see the relative 
contributions of the latter. It will be noted that for better accuracy dispersion 
terms should be considered. 

The two parameters of the potential energy function can also be determined 
})y the use of molecular constants and the experimental value of the cohesive 
energy. This may, however, be not a very suitable approach as in ionic crystals 
the contribution of the overlap part to the total potential energy is only about 
10%. Actual calculated values of p according to this procedure and Eq. (7) 
ccjnfirm this for the percentage deviations between theory and exi)eriment usually 
increase as one considers the various halides of the same element froju fluoride 
to iodide and also as the clement is changed from Li to Cs. 

Instead of using the molecular constants we can use Eq. (4) and the cohesive 
energy values to determine the two parameters of the potential energy function 
and then p is calculated from Eq, (7). Two sets of values of p obtained in this 
fashion, one for the exponential potential mthout dispersion terms and the other 
with dispersion terms, are given in Table II. The latter set of values are in better 
agreement with the experimental values and does exphasizc the importance of 
dispersion terms in evaluating y?. In these calculations of p we have made urn 
of only the crystal properties and the fact that these are in good agreement with 
the values where molecular constants have btH>n used to evaluate the common 
parameter, substantiates the latter approach. 

We can also detennine the potential completely by the knowledge of mole- 
cular constants and Eq. (9) and then p can be evaluateri from Eq. (7). Values 
obtained in this way arc also recorded in Table II and these are in good agreement 
with the experimental values at 26° C. 

THERMAL EXPANSION 

Theoretically speaking the two parameters of the potential can be deter- 
mined using the molecular constants and either the cohesive energy or Eq. (8) 
and then a is calculatcxl from Eq. (5), We could also employ the combination 
of cohesive energy and Eq. (8) and then in conjunction with Eq. (6) a can be cal- 
culated. In actual practice none of these methods yields satisfactory results 
the reason being the insensitivity of the cohesive energy for the purpose of eva- 
luating the potential parameters and the small accuracy with which P and its 
derivatives are usually known. 



Cohesive energy of alkali halide crystals in K cal/mole. 


Cohesive Energy, Gompreaaibility and Thermal, etc. 393 


% dev. 

00 iO 05 
o f-( ^ 

+ 11! 

00 © -^ 

1 © © © 
4- 1 1 

« ©© 
©0 05 1 

+ 1 4- 

pH © 1--. 

1 © p^ © 

+ I 1 

INI 

Expo- 

nential 

potential 

/ 

248.2 

198.1 

187.1 

172.1 

186.2 

174.8 

165.7 

‘O 0>H*< 

Hi ' 

163.8 

156.5 

141.2 

1 1 1 1 

% dev. 

05 1--^ 

t-H ^ O 

+ + 1 1 

^ © t* 

1 05 pH © 

-I-+ 1 

05 tH © 05 

7 "i*® ^ 
+++ 1 

05 © pH 

1 d © oi 

.+ > I 

© © © 

1 pH pH © 

1 1 1 

Expo- 

nential 

:>tential 

e 

250.7 

203.9 

191.3 

177.0 

189.2 

179.0 

165.1 

195.4 

170*4 

162.1 

150.8 

191.3 

163.9 

157.2 

146.6 

05 05 © pj< 

« © © © 
00 ^ CO 

. PU 
> 

05 © 05 
^ a ^ 
+ + 1 1 

1 PH^© 

+ 4- 1 

^ © pH 

o ^ 

■1"4"“1- 1 

05 © © 

1 © © 05 

4- 1 1 

tp* © w 

I © P-5 piJ 

1 1 1 

Expo- 

nential 

jotential 

d 

250.6 

203.6 
191.2 
176.9 

187.1 
177.8 

165.1 

195.4 

170.3 

162.2 

151.1 

191.1 
163.9 

157.1 
146.8 

182.9 

156.7 

149.6 

139.1 

> 

« 00 © 

© pf Pt( 

1- © © © 

-♦< © 05 

© © 05 

’V 

© eo 

+ + 4 4 

I oi CO pH 

.|.4 

CO oi © 

+ + + + 

1 05 © © 

' -} -1-4 

M c oi 

•]'4 + 

§.2 

I-' 05 CO © 

, © © t- 

© ^ 'if 05 

© © © © 

© pH 05 OI 

il . 
oa 

05 O 05 

© pH © 00 

05 -H 

190 

181 

168 

05 ■MH © 4 
© t- © © 

© © © 
© © © © 

r- © CO 05 
© © © pf 


^ 05 05 © 

^ PH © 

'+!:-©■»♦* 

t- »0 05 

1 7 ® 

S5 

o CO 

4-+ 1 1 

led-' 
+ f 1 

© O PH 05 

f-1- 1 1 

1 © pH CO 

1 1 } 

1 01 © © 

1 1 1 

Expo- 
lev. nential 
potential 
c 

- 2.3 248.8 
■ 6.2 201.9 
• 7.6 189.2 
- 9.1 174.6 

4.4 185.5 
4.7 176.0 
- 6.4 163.3 

© © © 05 

© © © © 
© © © ^ 

© © © t- 

© CO -4 r- 

© t- pH 

© 05 © © 

CO © © pt 

© © © 

1 © © 1- 

© © © 1- 

pH pf I-. © 

© © hM CO 

o 

pH pf . 

• • © 

1 1- » PH 

55 

1 1 I 1 

1 1 1 

MM 

1 1 I 

1 1 1 

gl 

CO © © © 

© © © 

>.o t- © © 

© CO 05 © 

pf © © © 

S C3 c 
> 4P 

© © © 05 
^222 

176 . 

167 . 

155 

pH pH © pH 

X © © ■pf 

pH pH ^ pH 

© © © © 

© © pf W 

05 © © 05 
tp- pf © 


5 j§ S © 

C3 .C -O •£> 

© r- © © 

.C .A © © 

O © 05 © 

© © © 

© © 1- 

© CO ^ 

& 

© ^ ^ © 

^ © © © 

05 05 hH PH 

© 4 if5 © 

pH © r- © 

05 pH 1— ( hH 

05 r- pH 05 
© © © © 
pM pH pH pH 

w © © 

© © 
pH pH pH 

157 

152 

145 

II 

LiF 

LiCl 

LiBr 

Lil 

‘S^‘S'3 

KF 

KCl 

KBr 

KI 

RbF 

RbCl 

RbBr 

Bbl 

CsF 

CsCl 

CsBr 

Csl 


lO 


CO 

CO 


0 

T 3 

CC 




!>* S 3 
§•3 g Si g 
•S SSjo g 
® ® 

'liTS ® ? 2 


® h 2 ’ 




^ i-M 


(0 ca 


' 2 £ £ 


> 

< 


=3 ’■5 15 

1 d g § 1 1 
J o 0 0 O 0 
fLi cQ Pm fl< Hi 

ci *^ 



TABLE II 

Conix>ressi))ility (//) of alkali halide cr\^stals in 10“^^ em^ dyne~ 


394 


G. M. Kachhava and S. G. Saxeha 


-.0 


.5 '3 

i|'« 
= 8. 


C « 

O 'Z 

0 0) 

M a* 


5^ 

Q 


0 

Q 


i c’« 


a 

X 

W 


I 

to 

I 


«S .5 I 

pH Ci 

p-I w CO 


O 

a j 


o 

o 

I'- 

r- 


T*< © 


© 

OI 

X 

X 

>0 

© 


© 


o 

CM 

© 

1 

X Ol 

© 

fa 

d 


© 

CO 

CO 


d 

1 

IC 

1 

1 

1 


01 CO 

1 1 

Ol 

1 

CO 

I 

•-1 

1 

OI 

1 

OI 

1 

1 

CO p-i 

1 1 

01 

1 

© 

1 


54 

I" 

rtj 


Ol © 

lO 

CO 

10 




'© r- 

© 

© 

t'- 

• 

C5 

© 

1 

CO X 

1- 

© 

OI 


t- 

X 

1- © 

OI 

© 

o 

pH 


01 

1 

Ol Ol 

CO 


CO 


10 


CO »0 

© 

OI 

o 


o 

--t' 


JO »H 

CO 



X 

© 

1- 

I'- CO 

o 

>0 

<;c 

GC 

I'* 


i 

*0 © 

fa 

fa 

© 

1- 

to 

I- 

OI fa 

CO 

24 

1 

'l 

1 

1 


H 1 

•l- 

+ 

1 

+ 

'h 

1 

1 4 

+ 

1 

CO 


c 



Ol © 

oi 

I* 

X 


X 

CO 

O p-H 


OI 




CO 

1 


•0 

© 

© 

© 

01 

X 

.pf ^ 

o 

© 



CO 

-f 


3 

3 

1.0 

CO 

fa 

•0 

X 

01 

IC © 

© 

CO 



CO 



IC o 

© 

01 

'-f 


© 

CO 

CO t- 

!'• 


»0 

• 

CO 


1 

c d 

CO 

d 

fa 

*0 

CO 


10 CO 

CO 







pm4 


fp-l 



01 



OI 

f-H 

1 

1 

1- 

-h 


+ _j. 

1* 

fa 

-}• 

-h 

1 

1 

+ + 

]• 

1 

X 


co 



X |> 


»0 

o 

© 


>0 

pH X 

© 

OI 

(M 

CO 

»0 

CO 

1 

‘O CO 

© 

01 

o 

CO 

© 

© 

© © 

X 

CO 


d 

CO 



CO -tJ 

»0 

CO 

»0 

© 

X 

CO 

10 CO 

© 

CO 

X 



X 


-f c 

•0 

-H 

©• 



X 

© © 

01 

lO 



CO 


1 

© 1'- 

lO 


© 

© 

© 

d 

lO p-^ 

01 

X 

-t 


CO 

CO 


CO Ol 

CO 

"t 

01 

X 

CO 

p^ 

OI CO 

"t 


+ -l- 

h 

•f 


+ 


+ 

1- 

+ 

+ 

+ 

'f + 

f 

-1' 

c 


Oi 



01 M 


lO 

© 




^ o 

•0 


a 


ifi 


1 

^ CO 


oi 

© 

lO 


X 

o 

CO 

CO 


CO 


CO 


'-t* 10 


fa 

lO 

f- 

© 

CO 

fa X 

= 

fa 



*¥ 



f.. 

© 

iO 

CO 

CO 

»0 


pH PPt^ 

X 

© 

CO 

o 


iO 

© 

01 -1 

Ol 

© 

© 

lO 

OI 


o p-i 

© 

© 

fH 

CO 

CO 


fa 

CO fa 

10 

01 

fa 

d 

1- 

CO 

10 © 

1-- 

fa 


o ^ 00 


fa O fS H 


fa a P3 M 
o: cc a a 


fe S PQ M 

^\4Ui Ui 


I I I 


5 


.s .? 

CS 

pH 

3 

s 

iS 

c 

t'p 

eg 

s 


5 

.g 

5 

0 

© 

© 1 - 

OI 


»o 


© 

© 


CO 

© 

OI 

© 

0 

OI 

CO -»t» 

© 

CO 

d 

CO 

X 

CO 

CO 

r- 

© 

fa 

d 


% 5 ? H 
Xi Xi Xi x> 

« « « P3 


P-4 

fa u w 


O Q 


.« ® 


I 


7.83o 6.62 12.98 +96.4 10.80 +63.1 9.48 +43.2 6.04 



TABLE II-(ron/rf.) 


Cohesive Energy, Compressibility and Thermal, etc. 395 


o 1* 

W ^ 


:: 

S'? 


O C 

W a, 


— 

% - 

^ ? 

W a 


* ' 
^ C2 

Jl- i ■ 

S O 

S' 

w 



CO CD C5 CO 

CO Cl o 

X X o 

C CO I> o 


X Cl CO »0 

1 oi CO -H 

d X Cl CO 

Cl Cl CO Cl 







MM 

^1- 1 -1- 

1- 1 -1- + 

1 M + 





X 


'F+i r- CO Cl 

>0 C 1- 

FF^ Cl Cl F.H 

Cl Cl c 


CO I- X o 

j CO CO Cl 

CO I-H X CO 



F-^ Cl CO »o 

Ff -t CO 

CO »o X X 

CO X 1' f-n 


Oi CO 

e Cl -t 

10 F.-4 Ci 

Cl CO X 


--t Oi CO Ci 

1 F.^ d d 

Cl X 

I lO Cl X 


Z-4 f~< CO 

CO Cl 


Cl X 


M 1 + 

++ 1 

^11 + 

++•1. 





FFi4 


-t >0 CC C 

1- X x 

1-0 XXX 

X F-f CO 


^ -t CO CO 

1 3 


1 X LO • 

1 . . CO 


ffh 01 CO d 

CO ‘0 "+ 

oi d d ^ 

»0 1^ •— 


r- X I- — < 

X ic ^ C' 

3 

o CO X 


CO CO I'F 05 

05 c c — 

X Cl CO F-i 

1 d d d 


F- — < CO 

— CO 

F-F 

^ 1— 1 FF^ 


-f- M 1 

-f-h -! 

M -M 

1 1 1 


Oi co'co X 

CO X X M 

X CO -f Cl 

FF — 


CO lO X O 


F-H X |FF F-t 

1 X lO '*f 


1 ^ 01 Cl CO 

1 

Cl CO X 

CO »0 »0 X 

lO >0 X 


-Ff 05 CO CO 

O 10 '-t 

Cl X X X 

^ X o 


CO CO CO *0 
-M F-^ CO 

-MM 

Cl Cl — — 

T+T7 

C Cl CO Cl 
— Cl 

M 1 

I ' * “ 

Cl Cl ^ 

! 1 ! 






5 

d 

Cl 1- X F- 

lO CD X 05 

X CO 05 X 

fH X X F-H 

FFf X -F — 
Cl CO X 

F- ffJ. C5 

1 3 3 

o 

rH Cl Cl Cl 

Cl CO CO 'Ff 

CO 'Ff ‘0 lO 

F^* -f d 

" o 





a 





< 

Cl 

CO c »o 

^ F-t- I- 05 
Ci Cl f-fh Cl 

»0 CO CO lO 
X X >0 Cl 

f F-. FFf X 

F*f X f-f X 

d 

F-i CO CO '-t 

d CO -F)- to 

Cl F-f 10 1- 

CO LO X 1- 


ti 

03 

1c 

SJ 

CO 


«?.s<g 5 

f-h 05 ffC 

f>h eri CO »o 


O o: I-- <M 
<M CO -'t «0 


f-h !xi Lj cS 

ooceos 

J 3 J J 


o »o 

F-t »0 '«♦- O 
CO lO cc 00 


pu C M 


r- Cl I— X 
d Cl 10 i- 

Cl CO 

I +4 -t- 


o 

I- I- C X 

CO <C !© • 

• • o 

CO lO o 


W X c 

t- I- oi 

CO '•t 1- 

+ -1-^ 


Cl 

I- O. o 

1 CO 01 . 


X ^ 10 

!dd,^ 

F- 01 oi 

1 ! ! 


O Ch M 
^ ^ X X 

rtpStf (2? 


Cl 

X 


Cl 

Cl 


.2 

N 

t-' 

•c 

Ci 

x 

2 
s 

r/ 

a. 

JS 

w 

2 
5 

o oi 

-C -H 

c 01 

^ . 

s ^ 

a 

X - 


d?Sxd ic>oxco 

X I— ' CO O Cl O Cl X 
CO d I- d '•t KO X I'- 


C’ i-f 
v: v: V jr. 

O w O 


BrJ 

I* 

i:H 

■g s 

~ 2 

I . 
I’S 

O -4-» {O' 

S 

3 S3 
ca. ^ 

T53 ® 

CO. 73 

^ <1' ^ 

^ 3-5 ® 

^0 0-- 

W 'dl'g ti 

llsl 


-j § 

F « r 

, T >-3 
t- ^ d bL « 

Oi O ^ * 

^ f-i O 

«t: -Tj pi ^ j 

r 3 ^ 2 1 

^ bL hfij 

£ d 2 ; 

tf’Oi .’s’"" ' 

3 

Cf S S -o ' 

3 fS I 'i 

£ fS ,3 ! 

.0. s: £ ' 


CO 




bL 




2 : i 

. i 

bC' 5 ! , ' 

t- r 1 

-S rr d . 

f 

FSrJ); 


§ sp2 ^ 

c fO 0 'ti bJi 



896 


C. M. Kachham and S. C. Saxena 


TABLE III 

Thermal expension (a) of alkali halide crystals in 10“®/®C. 


Substance 

Exptl. 

a 

Exponential potential 

b 

c 

LiF 

9.2 

17.9 



LiCl 

12.2 

36.4 

14.10 

LiBr 

14.0 

23.1 

- 8.72 

Lil 

16.7 

22.8 

27.83 

NaF 

9.8 

— 

— 

NaCl 

11.0 

16.5 

-60.26 

NaBr 

11.9 

15.6 

7.34 

Nal 

13.6 

12.3 

- 6.96 

KF 

10.0 

13.8 

- 0.965 

KCl 

10.1 

16.8 

4.76 

KBr 

11.0 

8.1 

6.11 

KI 

12.6 

7.9 

16.48 

RbF 

9.5 

45.7 



RbCl 

9.86 

13.3 

10.22 

RbBr 

10,4 

14.3 

8.42 

Rbl 

11.9 

-0.13 

17.03 

OsF 

9.6 

33.3 

— 

CsCl 

13.65 

11.5 

17.23 

CsBr 

13.9 

8.7 

20.57 

CsT 

14.6 

-18.7 

22.64 


а. Huggings, M. L., 1937, .T. Chem. Phys., 6, 143. 

б. Potential parameters evaluated using molecular constants and Eq. (7) and then a is cal- 
culated from Eq. (5). 

e. Potential parameters evaluated using molecular constant and cohesive energy and then 
a is calculated from Eq. (5). 


However, for the approximate estimation of a we found two methods fairly 
satisfactory and dependable. The two parameters can be determined with the 
use of Eq. (7) and either the molecular constants or the cohesive energy and subse- 
quently a is calculated from Eq. (5). Computed values of a according to both 
these procedures for the exponential potential are given in Table 3 along with 
the experimental values. The agreement between theory and experiment is only 
approximate and is obvious because of the use of Eq. (7) which is not rigorous. 
Nevertheless, these methods can be used with reliance for estimating the values 
of a. The listings of Table III further confirm the approach of evaluating the 
common parameter of the potential from the use of molecular constants instead 
of crystal constants. 
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ABSTRACT. The x-ray powder diflfraction pattern of /j'Cn-Sn alloy plmso has been 
interpreted on the basis of a (etrujtonal unit cell with a 3.726 A and c= 3.642 A. The pro- 
bable space groups are P4/n and P4/ninin. There are four atoms in the unit coll. 

INTRODUCTION 

According to tlie pliasi' diagram of the Cn-Sn .'■•ystoni (liyman, 1948) the p 
phase forms peritectically at 798”C and decomposes at 58() (’ in tlic range of com- 
})osition of 28. fi to 27 wt. % of tin. Earlier X-ray investigations of the p phase by 
Tsawa (1936; 1937) revealed that the body-eentred-eubie p pha.se alloy containing 
less than 25\vt. % Sn transformerl to p' phast' on (pionehing from above 6()0'’0; 
and the phase thus formeil transformed to a-( ft phases on anni'aling. However, 
the p pha.se alloy containing 25 to 27 wt. % 8n gave tlie p plta.s(' itself on (pioncliing. 
Isaichov ( 1939a and b) also rejiorted that the p phase alloy c» mtaining 23.6 to 25wt% 
Sn transformed martensitically to P' phase on (juenehing. From the X-ray 
pattern he suggested that there did exist some orientation relationship between 
P and P' pha8(!S. HowcA'er, the structure of tlie p' phase have not been 
determined in either of the above investigations. The mctallographic study of 
the p phase Cu-Sn alloy by Greninger and Mooradian (1938) oxhibiterl markings 
parallel to fl33]/j in as-cpienchiN,! metastable p phase. The markings had been 
shown to be due to lattice transfonnations with [133]/) as the habit plane; 
the reversal of this martensite was also observed. A preliminary orystallo- 
graphic study of P' phase has been reported here. 

EXPERIMENTAL DETAILS 

The p phase Cu-Sn alloy with 15.08 at.% Sn was prepared from spectros- 
copically pure Matthey copper and tin by melting accurately weighed 
quantities of the metals in evacuated and sealed silica tubes. The alloy thus 
prepared was homogenized at 780°C for one week and then quenched in water. 
Filings obtained from the homogenized alloy were taken in evacuated and 
sealed pyrex tubes, annealed for two hours between 620 to 630° C and then 
quenched in oil. Oil was used as the quenching medium for the use of water 
resulteil in oxidation in some cases. In most of the cases of quenching either 
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P phase or a mixture of p and other phases was obtained except in two 
occasions, when the transformation only to /?' phase was obtained. X-ray 
diffraction photographs for the /? and P' phases were obtained using copper 
Kj, radiations fix>m a Philips x-ray generator. The diffraction patterns for 
the p and P' phases are represented sehematically in the Pig. 1, 
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Fig. 1 — Schematic reprosontation of diffraction pattern of and /8' phases Cu-Su alloy. 
The height of the lines r<3pre8ent relative intensity. 


INTERPRETATION OF THE POWDER D 1 F F R A C T 1 O N 

PATTERN 

For tha fi phase alloy the diffraction lines are sharp and strong while 
those for the phase are all diffuse. The diffuseness of the diffraction lines 
shows tliat the structure of the ji* phase is heavily faulted. However, the 
diffraction pattern for the phase could bo interpreted, as given in Table I 
on the basis of a tetragonal unit cell with a =3.726 A, c =3.642 A and c/a 
= .977 (using for copper radiations AKai = 1.54051 and AK«» 2 = 1.54433 A). For 
the phase alloy with A2 structure the lattice parameter a =2.9816 A at 
36 (room temperature). 

It is evident from Table I that reflections with {hkl) and {hko) when 
= 271 +1 Q'^e absent and the possible space groups of phase are therefore 
P4/n and P4/nmni, The fi* phase has roughly twice the volume of the phase 

and therefore the probable number of atoms per unit cell of the phase 

are four. 

3 
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TABLE I 

Diffraction pattern for phase Alloy. 


Sin^ 6 obs 

Sin® 0 cal. 

(hkl) 

Intensity 

. .0859 

.0856 

(110) 

v.w. 

.1306 

.1304 

(111) 

8 

.1717 

.1712 

(200) 

W 

.2660 

.2648 

(112) 

V.W. 

.3505 

.3504 

(202) 

v.w. 

•4002 

.3096 

(003) 

w 

.4861 

.4852 

(113) 

w 

.5213 

.5216 

(222) 

v\w. 

.7705 

.7704 

(330) 

v.v.w 

.8271 

.8276 

(313) 

v.v.w 


The crystallagraphic aspect af the fi-* fi' transformation could not be 
assessed at the present stage of investigation. Further X-ray and metallo- 
graphy work with single crystal grains of ji phase alloy are included in our 
future programme. 
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ABSTRACT. The dyixami(‘ elastic modulus Efi and damping coeflicient in tenns of 1/Q, 
which is also related to logarithmi(* decrement Si have been measured parallel to grain on thir- 
teen kinds of Indian timlier (employing a flexural vibration method. The static (dastic modu- 
lus lug has also been determined on the same samples. 

The dynamic modulus E,/ varies from 0.80 vlOU to l.Ol XlOii dyncs/cm^ and the 
static modulus from O.fiO X lOn io 1.42 y lOii dynos/cm^. av(?rages about 15 per cent higher 
than Eg while 5 ranges from 0.028 to 0.0.53. Results show that in general 5 increases with 
Erf/E,. ' 

INTRODUCTION 


Considerable amount of indigenous timbeis is being used for the construc- 
tion of aircrafts, automobiles, bridges and similar other structures which are 


subject to dynamic forces. But as yet no systematic information is available 
on the dynamic elastic and damping properties of those' materials. A knowleelge 
of the dynamic elastic and damping characteristics of timbers is helpful in making 
an intelligent and economic use of the materials in all technical applications where 
vibrations must be considered. From an engineering point of view, in structural 
components where vibration is a hazard, the use of materials which have a high 
damping capacity is preferred if other strength properties are satisfactory. The 
damping capacity of wood is greater than for most other structural materials 
particularly the metals (Brown, Panshin and Forsaith, 195-). 


The present preliminary investigation relates to some indigenous timbers 
of common use. Only 13 kinds of timber were selected for study from tho.se listccl 
in is 399-1952 “Indian Standard Classification of Conmiercial Timbers and their 
Zonal Distribution.” The timber specimens were procured in the log form 
(about 3 ft. long) from the forest departments of the various states in India. n y 
one log of each type was obtained. No attempt was made to study the variations 
of the properties in different parts of the same tree, or ftom trie to 
same type grown in different regions, nor even the properties m i eren 
directions. No exhaustive statistical analysis of the data is, therefore, ma e; on y 


the mean and standard errors are shown. 
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The dynamic elastic modulus and the damping coefficient were determined 
parallel to the grain at about 12% moisture content by a flexiiral vibration method. 
These were compared with the static modulus determines! on the same samples 
by the loaded beam method. 

THEORETICAL CONSIDERATIONS 

Dynamic Modulus of Elasticity ( Young’s) 

The method is based on the vibration of a rectangular bar in the free-free mode 
i.e. the ends of the bar are left free. It has been shown that in this mode of vibra- 
tion at the fundamental resonance frequency the nodal points are situated at 
distances 0.224 times the length of the bar from either ends. The frequency of 
the vibration in such a mode has been worked out (Lord Rayleigh, 1926) as 

j. _ kem^ 


where 


Since 

where 


k = radius of gyration of the section about an axis perpendicular to 
the plane of bending, 
c = velocity of propagation of sound, 
w = a constant = 4.730 for the fundamental. 

I = length of the bar. 



E 4 = dynamic modulus of elasticity, 
p = density; 






For a bar of rectangular cross-section k = 


t 

( 12 )* 


, where t is the thickness, so that 


Ea = t 


where T is a correction factor introduced (Timoshenko 1921, 1922) to account for 
the effect of rotary inertia and moment of shear. T has been shown to depend 

on y and Poisson’s ratio /t. Values of T have been computed for the fundamental 
frequency, assuming p = \ using the equation (Pickett, 1946) 

l+88.12(.*)a 

1+92.61 (-y 
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This can be made nearly equal to unity by making small. In the actual samples 

chosen the thickness was small compared to the length that isy = 0,025 so that 

T = 1.006 for n — The value of [i (longitudinal) for wood varies between 
J to J (Hearmon, 1953). The correction therefore amounts to only 0.5% and so 
has been neglected. 

Damping Coefficient 

The energy required to maintain a b^r in sustained vibration is dissipated in 
overcoming the internal friction of the bat in which case it is converted into heat 
and secondly, in transferring energy to t^e external surrounding. The damping 
capacity APT is the energy per unit volume per cycle used in overcoming the 
internal friction. Following cletitrical analogy the Q of a specimen is given 
as (Obert and Duvall, 1941), 


<2 = 


27rW 

AlF ’ 


where W is the total energy of vibration per unit volume per cycle. Q can be 
measured from the sharpness of resonance curve; if /„ is the resonant frequency 

and A/ the width of the resonance curve in cycles/sec at of the maximum arapli- 

tude then, 



Similarly in terms of the logarithmic decrement d of a free vibration whose ampli- 
tude decreases exponentially 



In the present investigation it has been found convenient to evaluate i = 


4/ 

7c 


and also the logarithmic decrement 


S = 


7T 

Q' 


Static Modvlm of Elasticity 

Under static bending in the case of a simple end-supported beam of a 
rectangular cross-section carrying a centre load, the modulus of elasticity is 
given by (Brown etc., 1962) 

= 48y/ ’ 
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where P = Load applied at centre of beam, 

L ^ Span, 

y — Deflection due to load P, 

/ = Moment of inertia of the beam 

= h /^/12, M^herc h ^ breadth of beam, and 
t = thickness of beam. 

Substituting the valre of I 


a. 


4^ybt^ 


experimental 

The logs of wood in air-dry condition were sawn into 2ft. X 2 in8x2 ms sticks 
in accordan(;e with the sectioning scheme showm in Pig. 1. About 20-25 samples 
having length 10 inche's along the grain, breadth 0.5 inch and thickness 0.25 inch, 



Fig. 1. Sectioning Scheme of Sawing and Sampling a Timber Log. 

were prepared out of these sticks cut from a log. Prior to test these samples were 
conditioned to a moisture content of about 12 per cent by keeping them over a 
saturated solution of sodium chloride at room temperature for about two weeks 
till.there was no change in weight. 
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The apparatus used is shown in Fig.-2, 



Fig. 2. Schematic Diagram of tiic Apparatus for tlie Measurement of Dynamic Young’s Modu- 
lus anJ Damping Oocflftoient of Timbor in Flexural Vibration. 

A small rectangular pic(;o of soft-iron sheet weighing about 0.27 gm. was 
tached finnly at the centre of the sample. The sample was mounted on two 
horizontal knife-edge supports at the nodal points, the two ends being left free. 
The knife-edges are embedded in heavy iron blocks previously adjusted for 
parallelism and separated by a distance equal to ().552i(— 2x0.224Z). To 
ensure that the sample properly rested on the lower knife edges and was not 
l)odily shifted while vibrating, masses of approximately 120 gins, each were sus- 
pended from two knife edges placed exactly above the lower knife wlges at the 
nodal points. The effect of these masses on thevib ration of the sample was 
found to be insignificant since they were suspended at the nodal points. 

The electro-magnetic driver was positional just below the centre of the sample 
under the soft-iron piece fixed to the sample. The distance between the electro- 
magnet and the iron piece fixed to the sample Avas about 1 mm. The electromagnet 
was energisctl by a beat frequency oscillator, and the sample was made to vibrate 
to resonance at the fundamental by varying the frequeiK-y of the oscillator. 

The amplitude of vibration M as observed by means of a piezoelectric* pick-up 
connected to a valve voltmeter and to a cathode-ray oscillograph. At resonance 
the maximum wave-amplitude on the c scillograph screen as Avell as the voltage 
indicated on the valve voltmeter Avere noted. The resonance frequency /(, was 
measured on a frequency meter. All the samples M^ere tested under conditions 
to give the same amplitude of vibration as measured on the valve voltmeter. 

The two frequencies and at which the pick-up A^oltage falls to 1/2^ of its 
maximum va^ue were found/ As/^ and /g A^^ere near, the frequency scale; of the 
oscillator was enlarged by arranging a condenser across the zero adjusting con- 
denser of the beat frequency oscillator (Obert and Duvall, 1941).. This gives A/. 
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From tlm above observations the dynamic elastic modnlus the 
coeffi(j.mit in terms of 1/^ and the logarithmic decrement S were calculated. 

For the measurement of E, by the static method, the sample was supported 
on two knife-edges with a ^an of 26.0 cm||. and loaded at the centre. The load 
was increased to 2 Kgms in steps of 600 »is and the maximum deflections were 
noted by a gauge with a least count of 1 m. (0.001"). The deflections were also 
noted while unloading. The mean d6flect|Dn for 500 gms was found from which 
E, was calculated. 

Finally the moisture content was de^rmined on six samples selected from 
the 20-26 samples, by the oven-dry met|od. 

RESllLTS 

I 

The average values of the density dynamic and static Young’s moduli 
E4 and E„ their ratio y = E^jE,, the damping coefficient I IQ and the logarithmic 
decrement S are entered in Table I. As an estimate of the dispersion of the ob- 
served Eg and E,, their standard errors are also shown. 

DISCUSSION OF RESULTS 

The results show that the dynamic elastic modulus is about 10-20% higher 
than the static value. This is in agreement with the findings of other workers 
quoted in literature (Brown, etc., 1962)(Kuenzi, 1952) and to be expected on 
theoretical considerations since the static value measures the isothermal modulus 
and the dynamic value at the frequencies involved (300-600 cjs) measures the adi- 
abatic modulus (Mason, 1968). 

The logarithmic decrement S varies between 0.028 to 0.063 which is of the 
same order as observed by other investigators quoted in literature (Brown, etc, 
1962}(Hearmon, 1963). The 8 values plotted against y =3 EajE, shows a general 
trend of increase of $ with y. This is to be expected since both 8 and y are con- 
ewned with the frictional heat losses within the sample. 
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Plate 

ABSTRACT. During the systematic scaq^ing for double stars in nuclear emulsions 
exposed to 3 Gev. pion beam an event was recoiled and from analysis it can be interpreted 
as due to the annihilation of an antiproton proceed in the emulsion. The details of the 
event along with a microphotograph are given below. 

INTRODUCTION 

A G-6 emulaion stack was exposed to 3 Gev negative plon beam at the 
Berkeley Bevatron and it was developed at the T.I.F.R., Bombay. During 
the area scanning for hyperfragments a double star was observed; the parent 
star of size (7+0).0 has all its tracks produced by slow particles and the total 
kinetie energy associated with the star is quite low. There is no minimum 
ionising track in the known direction of the primary pion beam. No energetic 
charged particle is associated with it except the suspected antiproton which after 
travelling a distance of 1057/i in the same emulsion plate apparently stops and 
gives rise to a second big star of size (94-l)p. The inter-connecting track emitted 
from the parent star is quite flat and it is not difficult to know its direction of 
motion from the change of ionisation. The mass measurement by constant 
sagitta method is also possible. The second star is also carefully examined for 
any minimum ionising track in the knowm primary direction; but, there is no 
such track. All the particles except three coming out from the star stop in the 
same emulsion plate. The light track which goes out of the plate and is followed 
for a distance of 1.8 c.m. is indentified as due to a pion, the direction of its motion 
can also be determined. 

The mass from the constant sagitta measurements on the inter connecting 
track— 


D = 0.8 ± .2/t, —using the scheme p(l, 0) 
The Mass— value obtained is 

= 1^ ± 1212 Mev 
628 

The error shown is purely statistical. 

m 
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TABLE I 

Details of the Second Star 


Track No. 

Ideatity of the 
partiels n 

Baages 

Eaergy Mev. 

1 

a 

SOOII 

21.5 

2 

a 

277.8 

26.5 

3 

P 

86.6 

8.2 

4 

P 

182.5 

5.1 

5 

a 

203 

21.6 

6 

AT 

18000 

34.0 

7 

P 

400 

8.2 

8 

P 

150 

4.5 

9 

P 

487 

9.2 


The following equation is used by several workers to estimate the total 
eswgy involved in the annihilation process, 

^jfffMev) = 2.2fgN,+ft{Ni,+MN,,)+8{Nt+N,) 

where, 

jffB(Mev) = Total energy released among the charged heavy particles. 
Tg =5 Average K.E. of the grey tracks where E > Mev. 

Tj = — — black tracks where E <25 Mev. 

Ni ss No. of black tracks. 

JV, = _ grey _ 

= B.E. of the nucleons. 

Ill this problem, 

Ng^O Nj = 8 

fg as: 0, ?*»=>= 99.8/8 Mev, 

i?B(Mev) = 

(8+12x8)+8x8 

P 

« 99.8x13+64 

=s 1361.4 Mev for heavy particles. 

For tha pion the total energy is 

E^ = (34+189.6) 

« 173.6 Mev. 

Httioe the total energy invoked in the disintegration is t= 1630 Merr, 

DISCUSSIONS 

PoMSbiUiy €$ th4 event being dne to 
(i) and Ik-oaptnm in emeJsi^ 

0i) dnniee eoinoidbnoe, 

$ tiAVk yiott MxmiBiimt 



XXXVIll, Ni 

LATEV 




An Aniinr^fyM Wdai 

he eUbaim^ from the foSowiagiooiuiderations : 

1[^ Intticoonneotiiig tiaok which isjk flat and long one does not show the 
<dMnu3terMiie oohlomb eoatterings of a Mon track. The larger kinetio energy 
nleMed in tecond star eliminates th poe 8 ibifit 3 r of a S''-captare in >(hich the 
OBmgjr-ndease doe# not exceed 100 Mev The mass measnr^mit <m the traek 
Is mtoe in &Voiir of a proton rather thai a k-meaon, also the total K.B. involved 
is tno^ highnr than what we expect &< n JEL~>captare star i.e. 476 Mev. 

Am hath the stars axe situated in a ban part of the emulsion, the details of 
the event can be examined quite closelj and one can eliminate the possibility of 
(dianee oounddenoe firom such observati ns. Furthw, the stars were examined 
in the s imi la r way under high magnifii ^tion for any minimum ionising tracks, 
but thme was none. Such tracks in ofter directions were followed throng to 
know the direction of moticm thinking pat the first star mi^t be produced by 
some of them. From these observatioiC we are led to a tentative conduskoi as 
follows : the interconnecting track is dfe to an antiproton produced in the first 
star which is perhaps initiated by either an anti neutron m a very high enngetie 
neutron; the antiproton so produced is lihen annihilated at rest by on amuMon 
nucleus sdiioh aa a result is disintognited. 

PomUe 9owne» of proiwstion of ike anti^oton 

Am the parent eAar which is a small one has not any visible primary track, 
so it most be j^odttoed by some eleotrioally neutral particle. The incident pion 
a( the IdneUo energy 3 0.e.v. can by no means produce aU antij^oton because 
it requires IC.S. in the laboratory system at least 7 Bev. one is then indined to 
think of the event to be due to a cosmic ray neutron or antineutxon. Ihe results 
of the previttaa balloon flight experiments indicate that the existence of antiproton 
and antineufron in cosmic cays is very rare and the production croBS*8eeti<m of 
antiprotcm in such reaotionB is also believed to be extremely low. 

Kow one has to think of the neutron and antineutrcm directly coming from 
the target, smh partiides b^ng least affected by the bmding magnetic field of the 
aoodorating maohinew These neutrons could be produced by the 10 Bev proton 
beam of the BevMtun hfrting tiie target, and then these can travel in any direction 
WithoQl losing any o^^pieeiable amount of energy; the magnetic field however 
ein ptKdnee posne spinning effect onthese particle because oftheir magnetic 

iSissitoe the iWBowhtg motions sm omiaideied-' 

* 

91 ^ ihme ySietibna we hae* to eonsider the frSowing pohtiB,-*similar to 
flfllMilliir-plif fwAwtioii % photon, sn ttitinwdeoi is prodnoed when 
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a nucleon in a Dirac’s negative energy state is raised to a positive enwgy state 
leaving a hole i.e. an antinucleon. This means that the production of an anti- 
nucleon will simultaneously lead to the production of its counter part i.e. a proton 
and an antiproton, a neutron and an anti-nutron. The most promising mecha- 
nism for production of nucleon-antinucleon pair is the nuoleon-nudeon collision, 
when such a pair is produced the final state consists of four particles each possessing 
the mass of the nucleon {M). At the threshold the incident nucleon must possess 
a K.E. of at least 6M = 938 x 6 = 5.628 Bev. in order to produce a nucleon-anti- 
nucleon pair with a target nucleus at rest. Again using the Fermi energy of 
22 Mev for a nucleon and assuming the must favourable circumstances i.e. the 
nucleon moving in an equal and opposite direction to the incident nucleon, the 
threshold .s reduced to 4.6 Bev. This means that the incident nucleon must 
possess K.E. at least 4.6 Bev. 

So far the properties of anti-proton production have been studied by several 
workers, all reasonable estimate indicate extremely small cross-sections for nu- 
cleon-antinucleon pair production except at very high energy of the order of 10%v. 
Antiproton production is therefore rather rare, although their detection is not so 
difficult. 

Now assuming the second star to be an annihilation of the antiproton, we 
consider various possibilities. The annihilation of an antinucleon by a nucleon 
has some features in common with position-electron annihilation, but there are 
some differences too. The nucleons have strong interactions with the pi-meson 
field much stronger than the electro-magnetic field and consequently the anni- 
hUation process should give rise to a pair of gamma-rays. Hence any of the 
following annihilation reactions may take place, 

P-f P--> 7r++7r- ... (1) 

->2^° ... (2) 

iV^-f P~-> TT'-fff® ... (3) 

As our star possesses only one pion track any of these reactions are quite likely. 
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ABSTRACT. The dielectric loss due tfl| absorption of microwaves of frequency 38.8 
KMc/s in dilute solutions of CCU, CeHo, cjfiu at different temperatures and in mixed 
solvents of paraffin + CCU, paraffin -j-CeHs and paraffin -j-Ce Hi 4 at constant temperature but 
at different viscosities have been studied. It lias been found that the values of tan 5 or 
T tan 8 at different viscosities in solutions in pure solvents or in mixed solvents lio on smooth 
curves. The values of tan 8 for the same value of viscosity in solution in pure and in mixed 
solvents, agree with each other, so long the viscosity remams within 1.3 c.p. Within this limit 
the time of relaxation is proportional to viscosity of the solution. It is concluded that within 
certain limitations the dependence of tan 8 on the viscosity in a dilute solution may bo 
expressed by the Debye equation. 

Incidentally, a method has been suggested for the determination of dipole moment of 
polar molecule in solution in nonpolar solvent when a maximum in the value of tan 6 could 
not be obtained. 


INTRODUCTION 

The dielectric loss accompanying absorption of microwaves of wavelength 
3-cm and 1.25 cm in dilute solutions of nitrobenzene and of some other polar 
organic compounds in C,H, and CCl* »nd in mixed solvents of high viscosity paraffin 
and a nonpolar solvent such as CCI4, C,H,, CgHj, and CSj have been studied 
by many workers (Whiffen and Thompson, 1946; HaU d «Z., 1946; Cripwell and 
Sutherland 1946; Chau d d., 1957 and Rajan, 1967). From these results it was 
concluded that though the Debye expression for dielectric loss in dilute solutions 
of polar compounds in inonpolar solvents is fairly obeyed, the Debye relation 
connecting the time of relaxation with the macroscopic viscosity of the solution 
and the radius of the rotor does not hold good (Whiffen and Thompson, 1946; 
Jackson and Powles, 1946). 

The effect of viscosity on the dielectric loss was studied by Jackson and 
Powles (1946) who found that in the case of solution of benzophenone m hig 
viscosity paraffin the whole loss curve obtained by varying the frequency of imoro- 
wave radiation becomes broader and also the frequency at which maximum oss 
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oooiirs is shifted towards lower frequency value in comparison with those obtained 
in the case of dilute solution of benzophenone in benzene. 

Hall et al. (1946) studied the absorption of microwaves of wavelength 3'Oin 
in solutions of nitrobenzene in mixed solvents of paraffin+CCl*, paraffin+G^He 
and paraffin-)- CgHi 4 with variation of viscosity and found that in each case maxi- 
mum attenuation occurs at such viscosity-value of the solution which increases as 
the viscosity of the low viscosity component in the mixed solvents decreases. 
Whiffen (1946) suggested that all these results might indicate that the Debye 
equation for loss tangent does not hold in the case of solution whose viscosity is 
greater than 1.5 c.p. 

In order to determine how the value of loss tangent and the time of relaxation 
are related with the viscosity of the solution, it would be necessary to make a 
comparative study of the variation of dielectric loss with the variation of viscosity 
produced either by changing the temperature of the solution or by mixing with the 
solution high viscosity paraffin in different proportions. With this object, the 
absorption of microwaves in the frequency region 36 Kmc/s— 39Kmc/8 by dilute 
solutions of nitrobenzene in various nonpolar solvents at different temperatures 
and different viscosities has been studied and the results obtained have been dis- 
cussed in the present paper. 

EXPERIMENTAL 

Experimental arrangements for studying the absorption of microwaves in 
solutions at different temperatures and at different viscosities are shown in the 
schematic diagram, figure I. Microwave power from the signal generator 
(Model E.H.F. G3540— 1 of Polarad Electronics Corporation) is passed through 
a U-shaped absorption cell containing the solution, the temperature of which can 



be raised or lowered to any derired value by placing the cell in a suitable hot or 
cold bath. The signal after absorption in the cell is detected by a supeiheterodyse 
laoeivw having a sensitivity of 66 db. (Microwave ityeotnim analysar model 
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SA40 of Applied Dynamics Corporation). The frequency of the local oscillator 
is swept by a 20c/s saw-tooth volatgo so that it cian follow the signal. The same 
saw-tooth voltage is used for the horizontal deflecting plates of the scope. After 
about half an hour of switching on the Instruments the signal on the screen 
becomes steady. The constancy in the i^crowave poAver of the signal source is 
seen from the thermistor bridge power ^oiiitor. The frequency of the signal 
is measured with an accuracy of 0.1% by means ol absorption type wavemeters 
incorporated in the signal generator as w^ as in the receiver. With the pure 
solvent (2 cc) in the absorption cell, the (^a^brated attenuator on the instruments 
are adjusted to give a full scale deflection the scope. With the solution (2 c.c.) 
in the cell, the attenuators are again adj|isted for tl\e same full scale deflection. 
The difference in the readings of the atteiiiators gives directly the loss of micro- 
wave power in di) duo to absorption ii^ solution witli an accuracy of 0.25 db. 
The distance of the absorption cell is about 00 {‘in. either from the signal genera- 
tor or from the receiver so that tlu^ temperature variations of the cell can not 
reach them. Mica windows are usofl in the absorption coll to prevent the vapour 
of the solution from entering the signal generatin' or tlie rec-t^ivor. The validity 
of the Beer’s Law is seen from th<3 linear change in tiio amount of absorption 
either with variation of the con(?ent.rai,ion of th(3 solution or of the path length. 
This also indicates tluit the formation of stationary weaves, if any, is negligilde. 

Chemically pure nitrobtmzcjiK*., used as sohit<5 and (’Oh. OgHg, CqHi^ used as 
solvents were distilled repeaie^dJy and ilumnigldy dried before being used in the 
investigations. Tiie dielectric, loss of the solvents in a path length of 24 cm 
was m€)asurod and found to be negligible. Medical paraftin, which also showed 
negligible absorption in the stiine path length, was used to profluce mixed solvents 
of variable viscosity. The values of diekudric (jonstants and viscosities of the sol- 
vents were taken from the International Critical Tables. The viscosities of paraffin 
and of the mixed solvents at room temperature Averc determined experimentally. 

RESULTS 

CcUculation of loss tangent (tan 5) 

The observed loss of microwave power (^) m dh duo to absorjition of micro- 
waves in dilute solutions of iutn)bonzeno in various solvents is related to the value 

of attenuation coefficient f (Whiffen, 194(}) by the relation^ = <l> where L 

is the length of absorbing path in cm. The values wore then converted into 
tan i-values with the help of the relations given by Jackson (15)46) and by Whiffen 
and Thompson (1946). In calculatiitg tho tan ^-values the value of real dieloctnc 
constant e of the solution was taken to bo tho samo as that of the solvent and its 
variation with temperature was neglected. In the case of mixed solvents. 
Paraffin+0,H„ Paraffin+CCU, Paraffin+C,Hu, the value of, e was taken to be 

6 



416 Bhattacharyya, {Miss) SinM, Boy and Kastha 

2.2 because the dielectric constant of paraffin is 2.2 and those of ptire solvents 
are about 2 in all oases. The estimated error in tan ^-values is about 6%. 
These values are given in Tables I, II and III. 

TABLE lA 

1 .96 X 10”* moles/cc of nitrobenzene in CCl*. V olume of solution in the cell 2co 


Temp 

(abs) 

tan 6 

Ttan5 

TX1012 

seo 

rxlOiaseo VxlO* 
(lit) poise 

~ X 101® 

262 

.03 

7.89 

26.6 

— 

— 

274 

.036 

9.86 

20.06 

13.3 

16.0 

288 

.038 

10.76 

18.3 

12.5 

14.64 

294 

.041 

12.05 

16.1 

16.2<> 9.62 

16.9 





U.ob 


303 

.047 

14.24 

13.2 

8.25 

16 

313 

.05 

16.65 

11.8 

7.50 

16.73 

323 

.061 

16.47 

10.9 

6.66 

16.6 

333 

.063 

17.66 

9.8 

6.76 

17 

343 

.066 

19.21 

9.06 

6.24 

17.2 


a. Whifien (1960) 

b. C3»u, Fevre and Tardif (1967) 


TABLE IB 


1.96x10“* moles/oc of nitrobenzene in CCl^+paraffin 
Volume = 2oo Temperature = 30®C 


Percentage 
of paraCEbi 

tan 3 

Ttans 

TX 10« 
aeo 

9X10» 

poiae 

^ X 1010 

0% 

.0468 

13.88 

13.60 

8.26 

16.48 

10 % 

.0413 

12.61 

16.40 

10.10 

16.24 

20% 

.0362 

10.97 

* 17.86 

11.67 

16.42 

100% 

.029 

8.70 

22.80 

164.7 

1.28 
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TABLE IiA 

1.96x10“* mcies/oc of nitrobpnzrae in benzene 
Volume of solution in jhe cell = 2 cc 


If 

tan 3 

T tan 3 

TXlQh 
seo 1 

T X 1012 sec 
lit 

7X108 

poise 

|xlOio 

267 

' ,0296 

7.96 

25 1 




274 

.0397 

10.82 

17 1 


9.00 

19.9 

266 

.048 

13.68 

13 ll 

11.6a 

7.66 

18 

293 

.0514 

15.06 

12.|l 

i 

11.6ft 

6.47 

19 




13. Oc 







ll.Orf 







12. 3» 



303 

.054 

16.36 

11.13 


6.60 

19.9 

314 

.056 

17.68 

10.6 


4.90 

22 

323 

.0576 

18.67 

9.3 


4.36 

21.3 

333 

.0606 

20.18 

8.09 


3.89 

20.8 

347 

.0646 

22.42 

6.37 


3.36 

18.95 

a — Jacksoa and-Powles (1946) 
b— Whiffen and Thompson (1946) 
c — Cripwell and Sutherland (1946) 


d — Chau, Fevro and Tardif (1957) 
e— OopSila Krishna (1957) 


TABLE IIB 

1.96 X 10“* moles/co of nitrobenzene in benzene + paraffin 
Volume of solution in the cell 2oc. Temjjerature = 30®C 


PeroentMe 
of parawi 

tan 5 

T tan 3 

r X 1012 
sec 

tjxioa 

poise 

■T X 1010 

0% 

.0536 

16.24 

11.2 

5.61 

20 

ao% 

.0493 

14.94 

12.5 

7.69 

16.25 

40% 

.041 

12.42 

15.52 

12.05 

12.88 

«o% 

\ .035 

10.61 

18.5 

19.57 

9.45 

100% 

.029 

8.79 

22.8 

164.7 

i 1.38 
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TABLE rilA 

I.95xl0“*raolo8/cc of nitrobenzene in hexane 
Volume of solution in the cell=2 cc 


Temp 

(rtbs) 

tau3 

Tt&nV 

T X10I2 6 Xl0»2 sec 
sec (lit) 

rXl05 

poise 

r/7 X 10‘o 

265 

.062 

16.43 

9.70 



' 274 

.072 

19.73 

7.17 C.Sa 

3.89 

18.43 

303 

.076 

22.79 

4.53 

2.89 

16.67 


“Chau, Fevere and Turdif (1957) 


TABLE ITIB 


l.DoxlO”* molos/cc of nitpobonzene in hexane+ paraffin 
Volume of solution in the cell = 2cc Touperature = SO^C 


Percontago 
of paraffin 


T timS 

TXlOlS 

see 

n X 103 Tin X lOiK 
poise 

0.% 

.075 

21.67 

4.53 

2.89 

15.07 

20% 

.064 

19.39 

8.7 

6.25 

16.5 

40% 

.0508 

15.39 

11.99 

9.91 

12.09 

60% 

.0469 

14.21 

13.23 

16.93 

7.8 

80% 

.0369 

11.18 

17.48 

44.45 

3.93 

100% 

.029 

8.79 

22.8 

164.7 

1.38 


From the data given by Cripwell and Sutherland (1946) for tan i-value 
(reduced to a theoretical concentration of 1 gm.mol/100 c.c.) in the case of solution 
of nitrobenzene in benzene at about 20°C for two wavelengths 3.26 cm and 1.26 
cm, the value of tan S for the same concentration at the wavelength 7.7 mm was 
calculated and found to bo 2.60. This agrees well with the tan d-value 2.63 ob- 
tained for the same theoretical concentration in the present investigation. 

Caicuiation of time of relaxation (t) 

The expression for loss tangent in the case of dilute solution of polar mole- 
cules in nonpolar solvent is given by the Debye equation 


tan 6 ~ 


(e-f-2)® ^ inNc/i^ m 
e * 2747 ' l+«*r* 


- ( 1 ) 
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where the various symbols have their usual meaning. For the calculation of r 
with the help of the above equation from the observed values of tan the value 
of fi is required. In the present case is the maximum value of tan # was not 
obtained, the value of //. could not be de^.rmined independently. So ii was taken 
as 3.98D from the literature (c./. Jacksol^ and Powlos, 1946; Cripwell and Suther- 
land^ 1946). The calculatcnl values of r|along with the macroscopic viscosity 7/ 
are given in Tables I, II and III. Th#T-values reported by other workers have 
been included in the Tables for c<iinpalrison. The last column of each table 
contains the values of r/^. ^ 

D I S C l|s S I O N 

(a) Variatim of loss tangent with vis^siiy 

The values of tan 8 and T tan 8 obtained in the case of each of the solutions 
have been plotted separately against the log ?/ values of the respective solutions 
and are shown in Pigs. 2a, 2b and 2c. It can be seen that in all the cases points 
coiTesponding to the values of tan 8 and T tan 8 at different values of viscosity 
obtained either by changing th(5 temperature of the solution or by varying the 
proportion of paraffin added to the solution lie on smooth curves. It is also seen 
that the values of T tan 8 decreases almost exponentially with increase in the value 
of log rj. This is also evident from the near constancy in the values of 
T tan 8.y given in Tables I and II. However, in the case of the solutions in 
mixed solvents, T tan 5- values do not decrease as rapidly with increase of viscosity 



Fig. U. Curve I. Veriation of loss tangent with logarithm of viscosity for sohitions of 
fii^apobeiizene in CCI4 and in CCI4 -f- paraffin. 

Curve II Dependence of 2* tan 8 on log V for the same solutions. 

A Points for variation of temperature 
O Points for variation of viscosity at constant ten^eratute. 
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Fig, 2b. Chirve 1 VariAtion of loss tangent with logarithm of viscosity for sohitions of 
nitrobenzene in benzene and in benzene -j- pa raffin . 

Curve II Dependence of T tan S on log V for the same solutions* 

A Points for variation of tomperature. 

O Points for variation of viscosity at constant temperature. 



1%. Sc. Conre I Variation of Ion tangait triHi logarithm of viwority foe aolutioas of 
nitrobanzene in hoxano and in faoxaoe-f'pcMiffia. 

Cfurve n DopandenooofS’tang on log 9 for the aama colutionB. 

O Pointe foe variation of ten^eiaitine. 

A Peinta for variation of viaeoai^ at oonttnnt tampacatara. 
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as would be expected if the same exponential law would hold, but instead, the 
values of T tan S tend to roach constant, limiting values. It may be noted that 
so long the viscosity of the solution reiiains within a certain value which is 
about 1.3 c.p. in the present case, the variation in the value of tan S ot T tan ^ 
by varying the value of tj does not |lepend on whether the change of 17 is 
effected by changing the temperature o^the solution or the concentration of 
paraffin in the solution. 

(b) Rddtion between r and rj 

Whiffen and Thompson (1946) discusa|d the variation of t and y with tempera- 
ture in terms of the expressions | 

T = 

where A and B are constants. Molar activation energy for dielectric relaxation 
and that for viscous flow Ey have bo^ measured from the inclinations of the 
straight line plots of log r and log y against IjT (Figs. 3a, 3b) in the case of solu- 
tions of nitrobenzene in CCI4 and CgHj. The values of and Er, are given 
in Table IV. i?r*^alue in hexane solution was calcrilated &om the r-values at 
two temperatures. 



TABLE IV 


Solution 

in 

Er in 

K.Cal/mole 

Erf in 

K.Oal/mole 

ErlErf 

cca. 

2.25 

2.44 

0.92 

C«H, 

2.56 

2.53 

1.01 

C,Hi. 

2.08 

1.84 

1.13 


The closeness in the values of E^ and En in all oases suggests that there might 
be a simple relation between r and rj which, with the help of the above two equa- 
tions, may be expressed as 

rjif — or T = (3) 

udiere D and a are oonstaTita- The value of t wiD increase, remain constant 
<*r decrease with increase of tempOTature or decrease of viscosity according as 

Br ^ S^, This is found to be approximately true from the r/^-vrfues given in 

Tables I, II and III. 
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Fig. 3a. Curve I Plot of log t vs l/P for solution of nitrobenzene in OCI4 
Curve II Plot of log V vs l/P for CCU. 



0wV9 I Hot of log T Vs IIT iot of nitwbmaono 

Oorvo n Hot of log f v» l/f for bMweno. y V i- 
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If the relation (3) holds, tho plot of log t vs log 7j would be a straight line with 
an inelination Actually, the plots of log t vs log?/ (Figs. 4a, 4b and 4c) are 

almost linear uy^to certain vahu‘s of // and th(‘ values of tho inclination EtIEtj 
agree \v(dl with the ratios of E^ and Erj dcdermined se})arat(4y. Because of the 



Ki^r. 4 a (\irNv I Omph of r vs v for solutions of nitm])oii7.eno in COI4 ami in 

(’(I 1 -r parattin. 

('iirvc Tl (■iniiili of loprxslop V for tlic Hiimc solutions. 

O Voiuts for vitriiilion of tomponiturp. 

A l’omt.s for viiriution of vmi osity nl ronstant tomporaluro. 



ng, 4b. Curve 1 a»ph of T V. be » to „f to,. b... b.,.™» «»■ b 

benzonn -1 paraffin. 

Curve II Graph of r vs lop n for the same solutions. 

2 Jolt f?r%Sl- 
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Fig. 4(*. Curve I (irapb of r v\s log ^ for solul ions of iiitrol)onzf*iio in lu'xanc uiul in hcxano 
-}- paratYin. 

Curve II Graph of log r vs log V for the Haino solutions. 

O Points for variation of tomj)orature. 

^ Points for variation of vtscosity at constant icmpcral uro. 


non-linearity of the (;urvi%s log r v« log /; at higher viseosity values, the valu(‘ of tin* 
inclination of the tangent at any point on the curve wliich measures ErjEr^ decreases 
with increasing viscosity. All these considerations are applicable in the ease of 
solutions in pure solvents when the viscosity is varied by changing the 
temperature. 

It is thus seen that the ecpiation (3) fairly represents the variation in t/a/. 
values over a wide range of temperature, whereas the values of r/y; obtained from 

the Debye relation 


T = 


^nria^ 

~~W 


( 4 ) 


should always decrease with increasing temperature, which is not observed. More- 
over, according to equation (4), for the same polar molecule in two solutions of 
different viscosities, r^/r.^ should be equal to ^^///o at a constant temperature. 
The present experimental results and those of previous workers (Jackson and 
Powles, 1946; Whiffen and Thompson, 1946) show that for widely different visco- 
sities of the solutions, the relation (4) does not hold good. These discrepancies 
probably arise from the fact that the macroscopic viscosity (^) has been used in 
equation (4) in places of the internal viscosity. 
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(c) Calc.idatinn of the radios of the rotor 

Using the value of t/t/ obtained experimentally, the values of radius of the 
rotor as calculated by using equation (4) are given in Table V. 

TABLK \ 


Solution 

in 


r/3 in ^3 

C'Cl, 

343 

O.fj 


333 

7.0 

Cell,. 

274 

5. .5 


The value of calculated from tb(‘ density of nitrobenzene is Even allow- 

ing for free spa(te the rc'luced vahio would be much largtT than the value of 
giv<m in Table V . As thi' radius of tlu' sphc*ri(^al rotor comes out to b(‘ jnuch smaller 
than the size of the actual molecule coinputcMl also from the chemical bond data, 
it is difficult to identify the rotor with the whole molecul(\ However, one may 
b(‘ tempt(‘d to identify tlie rotor with the NOjj group in th(‘ phenyl ring. Though 
it is known tliat tlu^ NOo group is in the plane of th(‘ benzene ring, the NOo group 
may acquin* a slight inojuent directed away from the plane in solutions in various 
solvents (Jenkins, 1936). But whether this jiiay causes the NO^ group to rotate 
is still to Ix' seen and for this purpose* investigations on the dielectric loss in a 
series of sul)stituted nitrobenzenes in solutions in different nonpolar solvents 
have b(Hm undertaken. 


(d) Debye e,rpre.ssion for dielectric loss os a f miction of viscosity of the solution 

The Debye expression given in equation (1) depends besides other (quantities, 
on the value (^f the expression <or/l }-co‘V^, which for iot 2 can be a])j)roximatcd 


by e to a good degnx* of accuracy. Combining the equations (1), (3) 

' COT 

and (o) the following expression for tan 3 as a funct ion of ij is obtaimxl, 

7\ tan 6 — c 

>r 


(«) 


where P = . (^+2)** n^-Lr andy - E.jE^. When y = 1 and ri is 

21k(Xc^ e: 

large the equation (6) becomes T tan Sx Plri which may also be written as T. tan S 
^ p . p-2.303 log io»i. The experimental results tally with the equation as discussed 
in Soc. (a). In the case of solutions with higher values of viscosity, since y de- 
creases with increase ofviseosity, the value of T. tan ^ would not decrease as rapidly 
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as would havc‘ occurod if y wort' equal to 1. This is also in aiteordance with 
expcriiiiental results. Thus it may be (‘oiicluded that within certain limitations 
the dependonec" of tan S on eiseosity may bo doscribod by tho Dtd^yo expression. 

(o) A method for the determitmtion of the dipole moment (//). 

Ineidentally, the equation ((>) provides a rough method for the determina- 
tion of // of polar molecule. E(|uation ((>) may be written in the form 

log 10 (T tan ^ • 3/'' ) ^ log wP- ^ ‘ io« 

Eor a constant value of y, which generally lies between 0.0 and l.O within viscosity 

limit of 1.3c.p., the graph of log (T tan d-tp ) vs ~ ^ would be a straight line from 

whose intercept and inclination tlu^ value of // can l)(‘ calcuilattul from relations 
given in equation (6). Sin*h graplis have b(‘(‘n sliown in tlie eas(‘ of solutions in 
CgHg and in CCI4 in Figs. and 5b for y vahuvs 1.0 and 0.0 respectively. Tlu^ 



Fig. 5a. Graph of log (T’tari 5.’?'^) vs for .solution in benzene with y 1.0, 



Figv 5b. Gri^h of log {T tan va l/r?27 for solution in carbontetraclilorido with y =ss 0,9. 
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value of // calcuilated fi'oin tlii' frraplis are jiiveii in Table VI. The literature 
value is included for (ioiuparison. 

TABLE VI 


S(»liitiou 

/X in Dwbye l^uit 

fi ill Dohyo Unit' 

in 


Literal nnt viilui* 

CEb 

3.90 

3.98 

0<;H„ 

3.92 



The value of // ol)tain(‘(l by tlu' alxjve method is smaller than the value of /i 
used in the present investigation by about 2"„ . (Considering the various approxi- 
mations involved, this may be regar-h’d as satislactory. It this method is appli- 
cable in geiK'ral remains to Ik* sch'ii, For this piir])ose tlie investigations are being 
oxtendeci to a large nunil)er of polar organic comjHmnd.s. 
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A NOTE ON THE FRANGK-CONDON FACTORS OF VO 
(A2A-X*A) BAND SYSTEM 

N. SREEDHARA MURTHY, T. K. SREERANOA SETTY 
ANi> MISS K. V. SITMATHI* 

SjPKCTROSCOPIC LABOIlA'rORY, department op PHYSreS, C'ENTRAL CoLl.Er.E 

Banoalore-1 

(lieceivcd December HO, lOOH) 

Tlie aocurato data of Franek-Condori (F(y) faetf>rK of the band Ry*steni of 

-X-A) is important to the astropliysieist as some stars, for example 
R. Leonis, emit radiations fairly rich in VO hanrls (Mr*rri]). li)40). Tawde and 
Miirthy (1957) have reported the eahmlations of F( -factors of tins system. These 
oalculaMons needed revision in two respects. In the first [dac^e, it is necessary to 
use anharmonie wave functions of TVlorsc type in place of harmonic ones used 
earlier. Secondly, the Ar^ value (~0.()HA), fnnn tlu* preliminary announcement 
by Lagerqvist and Selin (1955), used in ihe calculations is to 1)0 replaced by the 
exact value (Lagerqvist and Selin, 1957). The FC-factors of tlu' VO hand system 
have been computed aciiording to the procedure given by Taude and Murthy 
(1959) using the numerical integration metliod, involving the Morse functions. 
The same procedure has been employed later by Singh and Jain (19(51) and Tawdc 
and Korwar (19(52), to compute the FC-factors of some other systems. The mole- 
cular constants given by Lagerqvist and Selin (1957) have been used for tlie com- 
putation and are ent(jnjd in Table I. The values f)f the Morse constants and 
ag used for this computation are ^ and ag - 1.89445 

The resulting FC-factors are entered in columns 2 and 4 of Table II 

Similar values of FC-factors for the VO system have been reported by Prasad 
(1963) using an identical procedure but using Ar^ = O.OsA from, the preliminary 

* Now at the Dept, of Physics, Govt. Arts and Science College, Bangalore. 
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TABLE I 


Molecular constants of A^A) system 


(i) 

(d) 

(111) 

(>V) 


1011.56 

4.97 

1 .589 

A'^A 

805. 9 

6.0 

1.672 

(i) Eloolmnif 

statu, (it) 
(iv) re (A) 

wc ((;m~i), 

(m) uieXc (cm* 


TABLE II 


FO(^l“A band systeni 


JHands 


Hands 

i^YZ-factofS 



D ^v" 


().() 

0.303 

2,0 

0.204 

0,1 

0..39I 

2,1 

0.077 

0,2 

().21H 

2,2 

0. 144 

0,3 

0.070 


0.000 

IM 

0.324 

3,0 

0. JOO 

i,l 

0.012 

3J 

0,171 

1.2 

0.149 

3,2 

0.002 

1,3 

0.281 

3,3 

0.152 


announcement l)y Lager(ivisl and S<‘lin (I Don). As FtM’actors are sensitive to 
cliange in molecular constants (Mclvellar and Tawde 1901). particularly Ar„ 
the rC-fa<!tors given by Prasad iiulicate only thi' trend of values in the second 
decinml place. It is tliought that the revised results, given liere would be more 
useful in tht* interpretation of tlie I'O band .system of stellar and laboratory sources. 

The authors are thankful to Prof. N. R. 1’awde. Karnatak University, 
Uharwar. for his kind interest and advice in the work and help in the preparation 
of the manuscript, and to Dr. Syed Ziauddin, Head of th<‘ l>ept. of Physics, 
Central College, Bangalore, for ciicouragejnent. 
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EXCHANGE NARROWING OF DPPH LINE SHAPE IN ESR 


E. N. MISHA 

Dkpartmhnt of Physics, Univkhsitv of Allahahad (India) 
(Received November 21, 19()0 : Resuhmilled Juhf 2S, ll)()4) 


The line width of Paniniagnetie reHoiiani'c^ liiuv^ in solifls and licjuids is mostly 
v'ontrolled by : (i) dipoh'-diph* inUTactum, (ii) s])iiidattice intera(‘tion and (iii) 
exchange interaction. 

Van-Vlock (194S) discussedthe broadening, taking in view the effect of dipole- 
dipolo interactions and suggesti^d that in the abscnn'i^ (»f i^vcliangt^ int(‘raction 
which is true for dilute iiaraniagnetic salts, thethiussian function bivonu^s a fair 
approximation to tlu^ line shape. 4Mie tlu^ory of VanVli'ck could not cstimali* 
the line width in subsianc(\s showing largi* (exchange pheiionuaion when the curvi^ 
falls off rapidly. AridcTSon and Weiss (M)b.‘}) discusstvl the line shajie in para- 
magnetic resonance ^vher(‘ large t‘xchauge int.(‘raction is presimt. Their theory 
showed Lotentzian line shap(‘ whi(*h have been \ (‘ritiinl (^xpiwiiaentally by many 
workers for certain substances. Kulio and Tomita (IDol) discusst‘d thi^ tln’ory 
of Magnetic resonance on (juantiim mechanical basis and (‘xpressed that in prescn('(< 
of large exchange interaction the line shapi^ is Lonuitzian and th(‘ (‘Xjiression for 
half width between half maximum absorjition jioints can b(‘ n^jiresented as. 


Ao) 


4,lScr 


10 


0 )., 


'hi) 


( 1 ) 


where 

is the width due to dd interactions and is the narrowing due to 
exchange. 


The expressions for and 6)20 have been given by (liirkov and Kokin (1958), 
are as follows, 

( 2 ) 

and 

o> 2 o = 3.65| J|7/. ... (3) 

wheo. 

A is mean spin distance, 


and J is exchange integral, 

Substituting the values of, f/ ^ 2.093(), Holden, Yager and Merritt (1951), ji 
and fe in the expressions 2 and 3, it is found that, 

40.62Z rf-«Xl 0 - 2 e ( 4 ) 

and 0)20 ~ 3.462 x 10®^ x | </ 1 sec. ... (5) 
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In the present paper the value of the exchange integral J for different mean spin 
distances for DPPH has becm calculated with the help of expressions 1,4 and 5, 
using th(i measured values of Aoi, Bruin and Bruin (1956) with varying mean spin 
distance from 9 A to 14.5 A and within the temperature range of 100"K to 400'^K 
in powder DPPH. The values of have been computed and taking these com- 
puted values of and measured values of Aoi for different mean spin distances 
d and the temperatures, the values of the width , due to narrowing have been 
calculated. These values of cjgo have b6en used for obtaining the different values 
of J. 


RESULT 

The value of the exchange integral J as found al)ove lies between 5.57 X lO-^^ 
Joules and 0.07 X lO'^^ Joules for mean spin distances varying from 9 A to 14.5 A. 
In the case of powder DPPH with mean sj)in distance of OA, and between the 
temperature rang(^ of lOO'^K to 40()K, the value lies between 3.32x10-2-* Joules 
and 6.73xl0“2* Joules. The nature of variation of J values in these two cases 
is shown in figures 1 and 2. 


xioF^ 



Fig. 1 . Variation of exchange integral J with conct^ntration in DPPII. 

* X axis. Mean spin distant'e in Angstroms. 

y axis. Exchange Integral J in Joules, 

DISCUSSION 

The first graph indicates that the variation of exchange integral J between 
mean spin distances of 11 .6 A and 14.5 A is very slow but it starts increasing very 
rapidly as the mean spin distance is decreased below it. This shows that the nature 
of exchange interaction below 11. 5 A is different than above it. This kind of 
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behaviour of exchange interaction may be probably due to the contribution of 
some short range effect when the spins come closer together. 



Fig. 2. “Variation of exchange integral J with temperature in Power DPPH.’* 

X axis. Temperature in ®K. 
y axis. Exchange integral J in Joules. 

The graph 2 which represents the variation of J m ith temperaure shows that 
the value of J increases as the temperature rises. Walter etal. (1956) have found 
that it is not only the exchange interaction but there are other factors also w^hich 
are responsible for the narrowing. They have discmssefl the motional narrowing 
due to the delocalization of the unpaired electrons in molecular orbitals. In 
free radicals the electrons will pass over several atoms in its orbitals and this 
motion at higher temperature may produce more averaging of the dipole dipole 
interaction and thus causing the narrowing of the lines. One may therefore say 
that at higher temperatures the more narrowing is due to the combincxi effect of 
exchange interaction and motional narrowing. 
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COBALT K X-RAY ABSORPTION SPECTRUM IN PINK ANP 
BLUE SOLUTIONS OF COBALT (II) CHLORIPE 

CHINTAMANI MANDE A. R. CHETAL 

Depabtmentt or Physics, UinvtosiTY or Poona, Poona-7. 

{Received September 23 , 1963 ; -^estibmiUed June 12 , 1964 ). 

Van Nordstrand (1960a, b) has recei^ly repoiled a large number of K ab- 
sorption curves of transition metal ions^in different types of compounds. He 
classifies these curves in four categories (aifco Sinha and Mande, 1963 for details). 
Of tlH«e, the type TV curves, that is the curves for the transition metal ions with 
tetrahedral surroundings, alone show the splitting of the principal absorption 
edge. Sinha and Mande (1963) have explained this splitting of the absorption 
(li.seontinuity on the basis of the ligand field theory. Tt appears, that the tetra- 
hedrally surrounded metal ion gives a very characteristic X-ray absorption spec- 
trum. In this note we report the shape of the K X-ray absorption disconti- 
niiitj' of cobalt in pink and blue solutions of cobalt chloride. 

A Cauchois type bent crystal X-ray spectrograph of diameter 40 ems, designed 
and constructed in our workshop, was used in this investigation. A well tried 
crystal of mica was used as analyser. The spectra w'ere photographed using the 
(100) and (^01) reflections of mica. A Philips sealed X-ray tube with tungsten 
target w'^as (miployed. It was operated at 20KV, the current ranging from 20ma 
to 30 ma. Exposure times varied from 12 to 30 hours on Agfa ultraviolet plates. 
Microph<itometcr records of the plates were obtainerl with magnification 50 on 
a Moll microphotometer. The absorption cell containing the solution of cobalt 
chloride W'as placed in front of the X-ray tube window and was supported by 
means of two screw's provided on the shield of the X-ray tube. The proper thick- 
ness of the absorbing solution was attained by placing the solution between two 
very thin films of celluloid separated by a stainless steel sheet of requisite 
thickness. Deep blue solutions were obtained by adding excess of concentrated 
HCl to the pink solutions. 

The forms of Co K absorption edge in pink and blue solutions of CoClj res- 
pectively are shown in figures 1 and 2. These forms have been obtained from 
several microphotometer records taken in turn from several plates obtained under 
varying conditions of exposure. It is seen that these curves resemble very well 
with type I and type IV spectra respectively obtained by Van Nordstrand. 
However, it should be noted that the curves given by Van Nordstrand are absorp- 
tion coefficient versus energy curves, where as our curves show the variation of 
transmitted intensity with energy. It will be seen that Fig. 1 shows a single K 
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discontinuity wliile Fig. 2 the splitting of the principal absorption edge into 

two suc(^c‘ssivc components and A'g. Both discontinuities sliow secondary 
fine stru(?ture near tjio absorption edge on the high energy side. However, for 
the blue solution, the curve somewhat flattens after the maxiniuni of the secondary 
structure. 


1 


10 




e 


Fig. 2 


Figures 1 and 2 ^h1k)w the form of thc< Co K aJ>sorptiou edge in pink and blue solutions 
respcH’tively of oobaltcldoricio. Tho markings S. S. stand for st'condury structure. 


The K absorption curves for ti^e pink and l)Iue solutions of cobalt chloride 
obtained in this investigation are (*haracteristic of the transition metal ion asso- 
ciated with an octaliedral co-ordination iii tlu^ common salts and the ion asso- 
ciated witli a tetrahedral ( onfignration respectively. Hence we comdude tliat in 
the pink solution the ^ ion is o ^tahedrally surrounded and in the blue solution 
the coordination is a tetrahedral one. In the general interpretation given by 
Sinlia and Mandc, tlie minima at the markings V// and in Fig. 2 represent tlio 
X-ray absorption transitions U"— ► and p limit. The empty 4/) orbital of 
the Co'^ + ion is localised only in the tetrahedral configuration, thus making possible 
the 1.V— >4p transition. 

TheBi^ results also establish tliat although in the solution states the lattice 
structure breaks down, the individual octahedral and tetrahedral units around 
the cobalt ion retain their identity. This work thus supports the. assumptions 
made by Mookherji (1962) about the nature of the crystal fields in his recent 
magnetic studies of these solutions. 
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REFLECTION AND TRANSMISSION PROPERTIES OF 
A STRATIFIED PLASMA* 

J. BASU. 

Institute of Hadio Physics and Elegtiionics 
Universitv of Calcutta’*'* 

(Received, Mun 14, 1964) 

ABSTRACT. Equations uro (U‘nvo(l for tho mflc'ction aiul traiismisaion coojBicients 
of H plane ele(;ti*oma^rieti(^ wavo iu(*i(l('nt. iiortTHally on a jjlasma having a homogeneous layer 
in the middle and inhoinogcMK'ous hiy<*rs on hofch sulvs. eqiiiitiuns are expressed in terms 

of parameters wliieh ean hi* ealeulated from the eliarji.'*! erisl u* properties of the plasma by 
applying a uumeneal metliod and using a digital eompulei’. it is found to be possible to 
simplify the calculations if thi* inliomogeneous layers are idi'iitical. 

A plasma with a trapezoidal dislrilmtion of electron density along its thickness is dis- 
cussed. The reflection and transmission (*ocfticu‘nts lor a numlx*!’ of such [dasmas can bo 
direcdly calculated from the results reported in the papt‘r. The results refer to a few typical 
thieknosses of the inhomogiuii'ous layiTs of Ihc* plasma, for which approximate methods that have 
boon generally used in the past for determining the coellicients turn out to bi* uusatisfaidory. 

INTitODlKVnoN 

Over the la^t four or Hat' dtHTules tlie intorat tiori of an eleetroinagn(di(; wavo 
and a gaseous jilasma has attracted an ap[)reiaal)le amount of attention parti- 
cularly as due to radio-wave (exploration of the ioiiospluTc, — whicdi can bo 
treated consisting of a few lavtu’s cf plasma,, -in coimection with longdistance 
radio-wave (‘omnuinication. In recmit years the knowledge’ of the subject is 
finding wider application in various fields, such as tlu!? (wtli-to-satellite communi- 
cation systems, microwaves diagnostic methods for plasmas in thermo-nuclear 
experiments and in discharge and shock-wav^e tubes (Francis, 196(1). The me^thod 
for determining the reflection and transmission ccefficients of a plane oleetro- 
magnetic! wave incident normally oji a plasma w ith an arbitrary distrihiitimi of 
electron density has been descrilnMl elscnvhere (Nieoll and Basil, 1962). However, 
in practice, the electron density in a plasma can he oftcai assumed to he uniform 
oxc€>pt in the boundary regions, where the electron density gradually changes 
from, zero to that of the uniform film. Such a plasma can he tri^aU^fl as a strati- 
fied one with a uniform film in the middle and inhomogeimous boundary layers 
on both sides. The reflection and transmission propertie^s of the plasma can bt 
expressed in terms of : (1) tlie thickness of and propagation coefficient for the 

♦The abstract of the paper was published, in a slightly dilTerent. form, in Pari III of the 
Proceedings of the 50th Session of the Indian Science Congress. 

♦♦Present address: Saha Institute of Nuclear Physios, 92, Aoharya P. C. Hoad, Calcutta— 9. 
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uniform film, and (2) the reflection and transmission coefficients for the inhomo- 
geneous layers. This has tlio advantage that the calculation of the reflection 
and transmission coefficients for plasmas with a central uniform layer of variable 
thickness but m ith the same inhomogeneous layers becomes easy. Further simpli- 
fications in the calculations are possible if the inhomogeneous layers on either 
side are identical. 

The distribution of electron density in plasmas obtained in discharge tubes 
is, in many cases, trapezoidal (Wharton and Slager, 1960). This paper reports 
numerical results in graphical form, which may be used to give the reflection and 
transmission coefficients for a wide range of plasmas with trapezoidal distribution 
of electron density. The thicknesses of the inhomogeneous layers of the plasmas 
are taken to be of the order of a wavelength of the incident wave, since it is in these 
cases that approximate treatments, such as the Wentzel-Kramers-Brillouin method, 
become unsatisfactory. 

To make the calculations tractable several simplifying assumptions are made. 
The plasma layers which are of finite thickne^ss an^ taken to be infinite in lateral 
directions so that diffraction effects can be neglected. The plaswna is assumed 
to be free from any magnetic field except that of the incident electromagnetic 
radiation, and the variation of electron density in the plasma is assumed one- 
dimensional, viz., only along its thickness. 

GENERAL EQUATIONS* 

In Fig. 1, the section AD reprcaonts a stratified medium, consisting of a uni- 
form film BC, marked 2, and inhomogeneous boundary layers AB and CD, The 
inhomogeneous layers separate the uniform film from the homogeneous media 
1 and 3. 


♦List of Pkincipal Symbols 

€0 = Charge on an electron. 

I = Thic^uiess of a xmiform him. 

V = Thickness of an inhomogeneous layer. 
me — Mass of an electron. 

N Number density of electrons. 

Ne ~ Critical mxmbor density of electrons = in a rationalized system. 

ee* 

Na = Number density of electrons in a uniform plasma. 
n Refractive index of a plasma. 
flu = Refractive index of a uniform plasma. 

y ^ Wave admittance normalized with respect to that of free space, 
y© = Propagation coefficient in free space. 
y = Propagation coefficient in a plasma, 
yu— Propagation coefficient in a uniform film. 

Bq =» Absolute permittivity of free space. 

Xo == Free-space wavelength. 

r Frequency of collisions of electrons with heavy particles. 

P = Reflection coefficient for the electric held. 

T = Transmission coefficient for the electric held. 

0} ~ Angular wave-frequency. 



437 


Reflection and Transmission Properties ^ etc. 

Let be the propagation coefficient in the uniform film and I be its thickness. 
Let '^12 represent the reflection and transmission coefficients, for the layer 

iljB, of a plane electromagnetic wave incident normally from the medium 1 under 
the condition that both the media 1 aiifl 2 are semi-infinite, separated by the layer. 
Let p 2 ^i and Tgi represent the coefficients of a wave incident normally from the 
medium 2 under the same condition as before. Similarly, for the layer BC, let 
p 23 and 723 coefficients of a wave incident from the medium 2 under the 

condition that the media 2 an<l H are semi-infinite, separated by BC. If the 
propagation coefficients at all points in AB and CD are known, the above reflec- 
tion and transmission coefficients can be calculated by a numerical method des- 
cribed elsewhere in detail (Nicoll and Basir, 1902). 


3 C 



Fig. 1. Stratified medium consisting of a unifonn film and inhomogeneous boundary layers. 

BC, marked 2 — •Uniform film. 

.\B, CD — inhomogeneous boundary layers. 

1 , 3 — homogeneous media. 


Nov', let a plane electromagnetic wave be incident noniially on the whole 
stratified medium AD from the imMlium 1. The over-all reflection and trans- 
mission coefficients are given by the following equations (see Appendix 1 for the 
derivation of the equations). 


P ” Pl2+ 




... ( 1 ) 


r«' 

1 —p^ipv^sf- 


... ( 2 ) 


Let us assume that AD in Fig. I represents a stratifiwl plasma. The propa- 
gation coefficient in a plasma is given by (Ratcliffe. 1959) 


r = 70 ™ 



NIN,_ ]4 
1— t(v/<o)J 


... ( 3 )* 


•For definitions of quantities see 


the List of Principal Symbols. 
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Hence, if the electron density and collision frequency at all points in the plasma 
are known, the propagation coefficients for a wave of angular frequency co can be 
calculated from eqn. (3), and the over-all reflection and transmission coefficients 
can then be determined from eqns. (1) and (2). 


INHOM()(;l ENEOU S LAYEKS OF ZEHO THICKNESS 


If the* inhomogeneous layers AB and (U) in Fig. 1 disappear, leaving the 
uniform film BC between the media 1 and 3, tlie quantities '^vz^ p 2 v '^ 2 V 
and Tga are all given by the Fresnel formulae. We find that eqns. (1) and (2) are 
now (‘Oil verted into the well-known formulae^ for the refl('etion and transmission 
coefficients for a uniform film (Born and Wolf, 1950). 


1 475i2P‘2af 
^12 


... (4) 




In this trivial (^ase the quantiti(\s /qg. Tjo, etc. are dinn tly obtained from the 
refractive indic(‘S of the media I, 2 and 3. 


I J) K N T I C A L 1 N H () M O 0 E N E O V S LAYEKS 


Let us assume that in Fig. 1, the media 1 and 3 are th(^ same and that th(^- 
inhomogeneous layers AB and are identical. This can usually be taken as 
a valid assuinjition if AJ) nypresents a jilasma bounded on either sidt* by free 
space or air. The over-all n^fleedion and transmission coc'ffirients are, from eqnfe*. 
(1) and (2), 



/h2 I 






(fi) 


... (7) 


' Numerical calculations can be simiilified by using th(‘ n^ations fieri ved in 
Appendix 2 and enumerated below. 

First we hav^e 


- ' '^2l/.V2 {^) 

where and are the w ave admittance's of the media 1 and 2, normalized with 
respect to the wave admittance of free, space. Hence, if either of and r^x is 
knovm, the other one can be readily determined, ft is to bo noted here that if 
the permeability of a merlium is unity, the normalized wave admittance is equal 
^taitsjrefcactive index. In particular, a plasma is diamagnetic, but only wq^y 
so, and its permeability can bfe assumed to be unity. ^ 
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next make a simpjifying assumplioji that the Avave admittance is 
x^al all throughout the media under consideration. For a plasma the assumption 
implies that the electron collision frecpiencv is very small, compared to the fre- 
quency of the incident wave, and tliat in tlie plasma the electron density 

pxceeds the Ho-c^alled critical value lor tlu^ parti< ular wavt^-frequency. The 


following relations are now found to liold good. 

l/h'il 1/^*1 1 ... (^) 

//h2H Z/>21 l ... (10) 

ki2l///i - Irgil///, ... (11) 

Z^i2 - Zr.,1 ... (12) 


Tf, therefore, numerical calculations are imide for one of the pairs, (p^g' '^" 12 ) 
or (P 21 , Tgi), the other pair can be determined from the above equations. 

LINEAR DISTRirUlTION OF ELEC’TUON DENSITY 
IN T N H O IVr O G E N E O S LAYERS 

In many practical cases a ])lasma can be n^isonahly assumed to have a tra- 
pezoidal distribution of electron density, as shown in Fig. 2 (AVharton and Slager, 
1960). Such a plasma can be thought of as having a uniform film in the middle 
and inluanogeniMnis layers with linear distribution of (‘l(‘ctron d(‘nsity on either 
side. 

N 




0 

Fig. 2 . Trapezoidal dintribution of oleotron d('risiiy. 

Let ti8 consider an inhomogeneous plasinu layer A’B' of thickness V and with 
linear density distribution, separating free from a semi-infinite unifonn plasma 
With electron density m- •*»)• The rc^flection and transmission coefficients 
•for the layer are given below in graphical form, the thickness /' being taken als 
.Ao/2, Ap Or^Ao where A„ represents tlie frce-space wavelength of the incident, elM- 
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tromagnetic radiation. The coefficients were obtained by a step-by-step inte* 
gration process (Nicoll and Basu, 1962) carried out on the Mercury computer 
at Manchester University. For the sake of simplicity the collision frequency of 
electrons is assumed to be negligible, compared to the frequency of the incident 
wave. For plasmas with trapezoidal distribution of electron density and with 
inhomogeneous layers of thickness Ao/2. Aq or 2Ao, the over-all reflection and trans- 
mission coefficients can be readily calculated from the given results by using eqns. 
(1) and (2). 



Fig. 3. Inhomogenoous plasma layer with linear distribution of electron density, separating 

free space from a imiform plasma. 

A' B ' — inhomogeneous plasma layer. 

1 — ^free space. 

2 — ^uniform pi "^ma. 

It may be mentioned that the results^wdiich wore calculated on the basis of 
a numerical method (^ould also be obtained by the algebraic method devised by 
Hartree (1928-29) for determining the reflection coefficient and extended by the 
author (Basu, 1960) for determining the transmission coefficient as well. 

(a) Wave incident from free space 

Figures 4(a) and (b) show respectively the magnitude and phase angle of the 
reflection coefficient, | Pi 2 1 and for different thicknesses of the inhomogeneous 
layer A'B* when a plane electromagnetic wave is incident normally on the layer 
from free space. The magnitude and phase angle of the transmission coefficient, 
1 7x2 1 and /Tx 2 , are shown in Pigs, 4(c) and (d). A few salient features of the plots 
in Figs. 4(a) through (d) are discussed below. 

Fig. 4(a) : \pi 2 \ increases with the increase of until reaches JV'c, 
the critical density. Once the critical density is reached, all the incident wave 
is reflected, and [ p^^ | remains at unity for further increase of The greater 
die thickness of the inhomogeneous layer, the smoother the transition from free 
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4. Characteristics for the layer A’ B’ in Fig. 3 when a plane wave is incident normally 
from froe apace. 

(a) Magnitude of the reflection coefficient. 





0^5 ~ i'O i'5 
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(b) Fbow of the leflaotkm ooeffleient. 
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space to th(» uniforjn plasma and licncc the less the the valin. of \pi^ | for the same 
electron density N^^ whon Nu < 

Fig. 4(h) : The r(*^He(*tion takes place, in general, from all parts of the in- 
h()mogen(*oiis layer, and tiu* net reflected wav’^c first lags behind the incident wave. 



(c) Mugnitudo of the iransinissioa (*ocllici(‘iil. 

The lagging angle, i.e., “ (h^creasos as in(Teas(\<. When equals 

there is a discontinuity in the curvaturcf of the plot for This is the point 

after Avhich the refractiv(‘ index of a part of tiu* plasma becomes imaginary. 
When Nu tends toward infinity, tlie (dectron density even at the input boundary 
is very high, and the wave is (effectively reflected right at that boundary ; now 
the reflection angle apxiroaches ISO"^ in the limit (cf. Nicoll and Basu, 1962). 
If Nu iB kei)t fixed and the thickness Z' is incncased, ~ /LPu increases. How^- 
ever, the difference betw'icen the angles is redmuid a^ ris(.^s, the difference being 
zero when N^ = 

Fig. 4(c) : When Nu < N,.. the magnitude of the transmitted electric vector 
is given by — {Pth^u)^^ wlierc^ pi is the*, transmitted power normalized with 

respect to the incident power and is the refractive index of the uniform plasma. 
With the increase of N^ from zero, which is equal to 1 - Ipiel ^ reduced, but 
flu is reduc(5d at a fast(U’ rate; as a result im^reasOvS. When, however, N^ 

exceeds Nc, the refractive index becomes imaginary in a part of the inhomogeneous 
layer, and the wave is att(*nuated; now^ with the inen^ase^ of N^ the attenuation 
increases ai^d | j is rcdu(?ed mi^re and more. It is intc^resting to note that 
although the transmitted power jh i*^ in this region, the transmitted electric 
vector is not so; the vector is. in this case, associated with an evanescent wave in 
the uniform plasma. Let us next consider different thicknesses of the inhomo- 
geneous layer, and lot N^ <' An increase In the thickness results in a decrease 
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™ I P\i 1 “ therefore, in an increase in pf. Hence for the same electron density 

N„, i.e., for the same refractive index w„, the greater the thickness V, the higher the 
value of I Ti 2 I . When N^^> N^, the region over which the wave is attenuated 
increases with an increase in V , and | decreases at a more rapid rate. 



Fig. 4(d) : Initially at “ 0 the phase angle of the transmitted electric 
^*e(*tor, corresponds to tlic thickness of the inhomogonoous layer, this angki 

being negative as the transmitted vector lags behind the incident one. With the 
increase in the electron density throughout the layer increases, and the refrac- 
tive index is reduced. This results in a decrease in the effective path-length in 
the layer, and — ^ dimini8he<i. At there is a noticeable change 

in the curvature of the plot of the phase angle. The greater the thickness l\ 
obviously the higher the initial value of — /Xig- The difference betwtH^n the trans- 
mission angles, however, decreases with increase in All the plots approach 
90° as tends to infinity. This is due to the fact that the phase change occurs 
now mainly at the input boundary, whore the limiting value is 90°. 

(6) Wave incident from the uniform plasma 

Referring to the model in Fig. 3, let us assume that a plane electromag- 
netic wave is incident normally on the inhomogeneous layer from the semi -infinite 
uniform plasma. The magnitude and phase angle of the reflection coefficient, 
2 
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3-S 4-0 


Fig. 6. (a) Characteristics for the layer A' B' in Fig. 3 when a piano wave is incident nor- 
mally from the uniform plasma. 



(b) — represent the same parameters as described below P’ig. 4. 


\p^\ and Z/> 2 i, are plotted in Figs. 6(a) and (b). The corresponding quantities 
for the transmission coefficient, | r 2 i \ and /.Tji, are shown in Pigs. 6(c) and (d). 
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The plots in Figs. 4 and 5 conform to the relation given in eqn. (8) in the general 
case and to those in eqns. (9) through (12) for N„ < N^. The following additional 
points are worth noting in connection with the plots in Figs. 5(a) through (d). 



/ 

'“ 600 - 

/ 


~700\/ 

\ 





Fig. 6 (d) 
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(1) Consider the case : = Nc. 

= 1 1 1 / —180*^ == — 1, and Tgi = 0. The uniform plasma is now perfectly 
short-circuited, as it wore, at the input boundary of the inhomogeneous layer. 
Since the refractive index of the plasma is zero, there is no change of the 
electric field in the plasma, and the resultant electric field all throughout is zero. 
There is an abrupt change of 90° in each plot of /.Tgi, corresponding to the fact 
that the refractive index of the uniform plasma is real when < Nc and 
imaginary wlien > Nc- 

(2) Consider the case : > Nc- 

TJio uniform plasma is reactive in nature, and the energy assexuated with 
electromagnetic waves inside the plasma is in the form of stored energy 
However, r^i has a finite magnitude, indicating that it is still possible to transmit 
some power out. This can be explained by the presence of a Vefl(»cted wave’ 
in the plasma. A similar situation arises when a microwave jnston attenuat<>r 
is tenninated by a resistive load (Barlow and Cullen, 1950). 

If the thickness of the inhomogeneous layer were zero, i.e., if there were a 
sudden transition from the uniform plasma to free space, would have 

remained constant at unity as increased beyond AT^, and |t 2 i| would Jiave 
simultaneously increascnl, reaching 2 at = co. For a finite thickness of the 
inhomogeneous layer the net reflected wave can be thought of as the resultant of 
the waves reflected from all parts of the layer, and on account of the reactive attenu- 
ation of the waves in the layer, | p 2 i 1 is rediu^ed Avith the increase of as shown 
in Fig. 5(a); jrgi | first increases as increases, but as the attenuation becomes 
predominant, [xgil gets reduced with further increase in (Fig. 5c). 

As Nu increases beyond Nc, the penetration becomes less and ~Z.A^ 2 i de- 
creases, the penetration tending to zero in the Ihnit and — /ip 2 i tending to 0° 
(Fig. 5b), — Z^T 21 also approaches 0° at the same time (Fig. 5d), as there is, in 
the limit, no phase change in the whole plasma medium nor any at the output 
boundary. 

(c) Triangular distribution of the electron density 

If the thickness of the uniform film in Fig. 2 is made equal to zero, the tra- 
pezoidal distribution of electron density becomes a triangular one. Tlie over- 
all reflection and transmission coeflScients for a few models of the plasma with 
triangular density distribution have been previously reported by Nicoll and Basu 
(1962). The results obtained on the basis of eqns. (6) and (7) and the plots in 
Figs. 4 and 5 are found to be in conformity with the previous results. 

CONCLUSIONS 

Tlie reflection and transmission coefficients for the whole column AD in Fig. 1 
can be obtained by the numerical method described by Nicoll and Basu (1962). 
However, if the inhomogeneou& layers AB and CD remain the same and only 
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the thickness of the uniform film BO (ilvanges, it is not necessary to go through 
tho numerical process every time; e(ins. (1) and (2) can be, instead, utilized. 
The reflection and transmission coefficients for some models of plasmas with 
trapezoidal distribution of electron (h'lisity can be directly calcidated from tho 
results reported in this paper; tlu' inhoinogemcous layc'rs of the plasmas must, of 
course, <!orrespond to those that have been discussed. 

The method describcnl in deriving eqns. (1) and (2) can l)e readily ('xtended 
to yield the reflection and transmission jwoperties of a system consisting of a 
number of homogeneous and inhomogmieous layers, e.g., a i)lasma with tra])C7.oidal 
distribution of electron density, eneloswl by tlu; glass walls of the < (tntainer. 

A C K N O W LE D (i M K N T 

The work describe*! in this ])aper was initiate*! when th*- author was *)n the 
re*earch staff *jf the Man*‘hester (Jolleg*^ of Science and Te*'hnology, Ungland, 
*luring the peri*)*l 19fi0-fil. He is indebt***! t*) Hrof. C. A*lanis*»n and the late 
Pr*)f. E. Bra*lahaw for pr*)vi*ling rest*ar*5h facilities hi tlu* r)*‘])artment of Klectrical 
Engin*u*ring *»f the Ooll**ge. He is jjarti*adarly in*h‘bt*sl to the T)ir**ctor of th*i 
Computing Machine Lab<trat*)rv, Manch*‘st*"r Cniversity, for the ciilculations 
perfonnerl on tho M*‘r*!ury compukw. 

The auth*>r wishes to a*'knowle*lgo his gratitud*' to Pr*)f. J. N. Bhar f*;r his 
kind permission t*> c*)ntinue th*- work in the Institute of lladio Physics an*l Kl*‘*-- 
tronics University *>f Calcutta. 


APPENDIX I 


DERIVATION OF THE *! E N E R .4 T. E Q IT A T O N S 


Considering Fig. 1, let a plan*' eleetromagn**ti*' wave be inci*l*‘nt n*)nually 
on the stratifi*Hl meflium At) fr*mi th*» me*lium 1. At th*‘ points A. B and O 
there are n*»w two residtant wares, *ino forwar*l-moving an*l tlu* other ba<!kward- 
moving. However, at 1) ther*' is only' the f*)rward-iu*)ving rvavc in the m*'diunx 
3, which c*irre8p*)nds to tht' wav*', transmitte*! out. We assume that at the point 
D the *'lectric field c*>rrt'apon*ling to this wave is given by a vect*)r of unit magni- 
tu*le and zero phase. The refle*'ti*)n and transmissioji *‘o*'fficicnts for the inhomo- 
gene*ms layers AB an<l CD ar*> given by' "^vi' di'scrib*'*! in Sec. II. 

The electric fields *)f the forrvard and ba*'kw ard wav*'S in the medium 2 at the 
point C are ; 





Me) 


Pa 

T 99. 


(A.1) 


... (A.2) 
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Tho corresponding quantities in tlie same medium at the point B are : 

eW 

'^23 




^fUi) 


E^ 


^b{B) 






To 


... (A.3) 
... (A.4) 


23 


TJic forward wave at B can be divided into tw'o parts, the ek'ctric field of the 
first part being ^dher being Ef^j^) -Pn^btB)- back- 

ward wave at B togetlnn- with th(‘ first part f>f the forA\ard wave corresponds 
to a backward wave in the jiuHlium 1; tlu^ (‘lectric field of this backward wave 
at the point A is r^iEt^ui)- 'i’he simmukI [)art of the forward wave at B corresponds 
to a forward wave plus a backward wave in the niedhnu 1; the electric fields 
of these waves at A are (7,5,) M%(/n res- 

pectively. 

Henee the (‘lectric^ fields of the total forward and backward waves in the 
niediuin I at the point A are : 

EfiA) - — iE/(j{)-^p2iEbin)) 

^12 

'^ 12^23 


^h-(A) ~~ P2lEhlB)) 

^12 


(1 - 2r«? ) ... (A.fi) 

r 1 2^22 


The over-all rofloction f*oeffi(*i(uit for the stratified mediinn AD is given hy 


P "= 


^b(A> 


(A.7) 


Since tliP tranninittod cloctrio vector at D lias licon assumwl to he of unit 
magnitude and zero phase, the over-aJl transmission coefficient is given by 


1 

%(A) 


(A.8) 


The general equations (1) and (2) in See. IT are derived from eqns. (A.5) 
through (A.8). 

It should bo noted tliat the equations can also be derived in two other ways, 
as mentionefl by Montgomery (1947) in a different context. 



Reflection and Transmission Properties^ etc. 


149 


APPENDIX 2 

RELATIONS H K T W E E N THE KEF LECTION AND 
TRANSMISSION CU) E F F I I E N T S F O H A N 
I N II 0 M O Ci E N E O US i. A Y E R 

Lot an inhomogeneous layer li(* iK^tw.en two .semi-iufiuite luuuogeiKMnis media 
1 and 2. Here we deter niiiK; the relations between and where 

pi 2 and Ti 2 reproserit the refltudion and transmiHsion eoellieients, for tlu^ inhomo- 
geneous layer, of a plane (d(M‘tromagneti(} wave ineideiit nonnally from the medium 
1 while /> 2 i and T 21 represent the eorr(\HpoJiding quantiti(^s if tlie wave is incident 
from the medium 2. 

The inliornogcuKHms layc^r can be (;onsider(id as a stratified jnedium consist- 
ing of a very large number ol* thin films. If the- thicknesses of the Jilins are suflfi- 
oientlv small, it is pennissiblc* to regard the refractive indc^x to i)e constant 
throughout each film. 

Now, Born and Wolf (1959) have derived (‘xprt‘ssions for th('. reflection 
and transmission coefficients for a stratified inediiim in terms of a matrix which 
is a characteristic* property of th(‘ parti<*ular medium. Let M represent the 
characteristic matrix for the inliomogeneous layer under considc^ration. We 
can relates the electric and juagnetic fields at the inj)ut and output boundaries, 
Ei, Hi, and Hq, in the following way. 




... iA-9) 


The. reflection and transmission co(‘ffi(*it‘nts tor tlu^ inhomogeneous lay(»r, 
Pi and Ti, can be expressed in terms of tlu^ elements oi tlu^ matrix M. 


( nVl " 2:2.Vo) + ( 1 2 ?/d/(i " 21 ) 


... (AlO) 




... (A.ll) 


In the above equations y, an<l ?/„ are the. wave adiuittances of tlie homo- 
genooua media on the input and output sides of the inhouiogeueous layer, nonua- 
lizod with respect to the wave adiuittauce of fiw space. 

Let us consider the thin fihns constituting the inhouiogenemus la>^r. Ut 
those films, starting from the input boundary, be designated ,as (1). (-), ... (n), 
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It can bo shown 


and let -3^''^’ ••• characteristic matrices, 

that 

M -= ... Jf'"’ 


...(A.12) 



Then, from eqn. (A.12), 


ma 

»»12 

w.a 

»«22 


r Wu'^’ 1 

L J 


r" -ma'-* w-is'"’ 


L, w.a'‘^’ '"a-/'** 


“ »».a’"’ Wa'"’ 

_ w-a'"' w'-a"’ - 


whero eaeh of «i, «„ a*. -«»-*• ^ ^• 

From eqn. (A. 13) 

TOa -= S m.ai'i’wtoiea'^bwflooa'*' 

Wa = S Win.‘l'«tai«2‘®’wkt2a3‘®* 

= 2;m,ai<“majai‘**>Wta20s‘®’ 

MIj 2 = S m2ai'^’»W0l02’^*^2®3*** 


wto ''wian-i*^* * 


(A.13) 


(A.14) 


L,t u. flret imagine that an electmmagnetic wave i. incident on the inhomo- 

gencou, layer from the mmlhnn 1. Let the film, ^tending 
I 2 be demgnated a. (1), (2)... («)■ The" «“ cln*rm.terirt.e mate ot the 
r •. bv enn (A 12), and it. element, are given by eqn. (A.14). The re 
Son LaeiL ft, mid the .r.mmn»ion eo.aei.nt r„ are obtai.ml from eqn.. 

(A.IO) and (A.ll). 
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. .Aira 

^ 22/| 

4 . I-Vm ^ "• 


(w»ij2/i 4 m222/g)+(wi2^'ij,2 fw^x) "■ ^ ^ ^ 

whorci yi and j/^ are the normalized wave admittances of the media I an<l 2. 

Let us next imagine that an electromagnetic "wave is incident on the inhomo- 
geneous layer from the medium 2. Starting from the input boundary, the thin 
films are now (n), (u-l), ...(1). Let Jlf' be the characteristic matrix for the whole 
layer in tliis case. Then, 

JW' =• ... J/<1' (A 17) 

If y . , 

r wt'n ra'jj 

M'- , * ... (A.18) 

rn 21 m 22 

it can b(^ easily shown that 

> ... (A.19) 

m'22 = 2 ... 

where, as in eqn. (A. 14), each of either 1 or 2. 

Now, following Born and Wolf (19»59), tlio charatdcTistic matrix of the tlnn 
him (r) can he written 


,l/(n _ 






^ cos (7rt RrSlf) — I i \ . , J>7 V ^ 

i^/»'"(ro«A) ... (A.20) 

_ - »!/f sin (yowA) cos (yon,«5/,) 

where % and y, are resfiectively the rofra<'tive index iind noniializeil wave ad- 
mittance of the film, SI, is its thickness, and yo is the propagation eoefticieut of 
the incident wave in free .space. 

It is found from eqn. (A.20) that 

xMjjO-* ^ ... (A.21) 

Since eqn. (A.21) is valid for all tlie thin films, i.e., for all values of (r) from 
(1) to (n), it can be shown from eqns. (A.14) and (A.19) that 

tfl XX Wig2 ^ 


m X2 = »»X2 

Wr 2x " ^21 
w',2 = %! 


... (A.22) 


3 
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Considering oqns. (A.IO), (A.ll) and (A.22), the reflection and transmission 
coefficients, and are given by 

“ (w'ny3+m'as,y,)-t- +OT'ai j 


_ ~ ^^*22,^2) ~h iHi ^ 21 ) 

(maf/i+W2ay2)+(w,2yjy.+w.a,) 


721 “~ 




(^w/u:yi-f ^'^'222/2)-+ (^^'122/12/2 f ^'^'21) 


(A.23) 


- ... (A. 24) 

Kl2/l + m22?/2)-+ (^?12?/i?/2 + ^^'2i) 

The relation given in eqn. (8) in Sec. IV is obtained from e<jns. (A. 16) and 
(A.24). 

If the wave admittance is assumed to be real all throughout tlu* media under 
consideration, and are real, and ^^2 shown to l>e r(‘al whilt' 

mi 2 and mgi turn out to be imaginary. Under these conditions eqns. (A. 15), 
(A.16), (A.23) and (A.24) give the relations expressed in eqns. (9). (II) and (12) 
in Sec. IV. It is also found that 

Z/h2+ Z /^21 (A.25) 

where k can be any integer. Since eqn. (A. 15) is a gem*ral equation, it must he 
valid for the trivial case M'hen the thickness of the inhomogeneous layer !)ecomes 
zero; it is then found from Fresners formulae that k — — 1. Hence we get the 
relation in eqn. (10). 
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Plate IX 

ABSTRACT. Th(' clmnges in cryalaUim* tind umorphous portions of cjottoii fibres 
during doterioration by exposure to sunlight, to ultraviolet light and to fungal attack were 
.studied ])y X-ray diffraidion method. It was found in all tViese eases there was a small but 
statist i(*ally significant- decrease in (Tystallinity during deterioration. In the ease of micro- 
biological attack the change is not significant at the end of the first month but during the 
succeeding months the crystallinity significantly decreases showing thereby that the micro- 
organisms m the later stage.s attack crystalline portions as well without showing any prefer- 
(Mice to amorphous regions. 


I X T K 0 D r (! T I 0 N 

(Considerable literature exists on .X-ray investigation of the Crystalline struc- 
ture of cellulose, tludr orientation and their change under chemical treatments 
(Mark et ah 1954). But X-ray studies of th(‘ amorphous portion of cellulose 
are few. Hivss (1941) and eo workers showed that crystalline interferences were 
destroyc'd by powdering cellulose in a vibrating ball mill giving place to broad 
amorphous ring similar to tliosc produeod by liquids. Hermans and Weidinger 
(1940) sliowed that the ()wd(*r can be rccTvstalliscd on heating for a few minutes 
in th(‘ water Avet condition and in the X-ray diagram the crystalline interferences 
roapp(‘are(l on a diffuse back-ground of lower intensity hut having the same 
shai)e and location. From th(‘ decrease in intimsity of tlie background a quanti- 
tative estimate was made of crystallised portion. In 1948 Hermans and 
Weidinger made a quantitative investigation of the intensity of X-rays scattered 
by (^rystalliiK* and amorphous portions in some native and regenerated cellulose 
fibres and estimat(Hl the erystalline and amorphous portions of the fibres. 
Similar tetdiniques were employed by Kast and Flasehner (1948) and Krinim 
and Tobolsk V (1951). 

Tlie present investigation is an attempt to follow the (ihanges in crystalline 
and amorphous regions in cellulose during degradation by exposure to ultraviolet 
light, sunshine and inieroorganisms, by X-ray methods. The technique adopted 
was given by Hermans and Weidinger (1948). 
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EXPERIMENTAL 

Preparation of Samples 

Cotton fabric? closootie (scoured, 7-7.5, oz/sq.yd.) the fabric? of Indian Tentage 
was selected as the basic material since the degradation of this material has been 
studied extensively in this laboratory by chemical and bio(?hemical methods. 
Fibres were drawn at random from this material for X-ray investigations. One 
yard piec’es cut from different places on a roll were used as control samples. 

Exposure to sunlight was carried out in the exposure yard of these labora- 
tories only during hours of sunshine. 3 yards were exposed at about 4 ft. above 
ground at an angle of 45" facing South (Kanpur latitude and longitude being 
26" 26 'jV 80" 22' J£) and I yard j)ieces were? drawn at the end of each month. 
Each month's exposure corresponds to approximately 100-125 hours of sunshine 
of intensity approximately 50-60 mw/cm^. 

Exposure to ultra-violet radiation was carried out with a mercury arc lamp. 
Samples approxiinatcdy 20" scpiare were exposc*d to the radiation from a ‘Hanovia’ 
Alpine sun arc lamp at a distance of 30 ems away from the source on a <*urved 
surface specially prepared to ensure unif<;rm radiation. In lat(T models this 
uniformity was ensured by properly curved reflectors. The cbaractcTihtic's of 
this lamp w(u*e determined and the folhnving values of intensities were obtaincMl 
at 30 ems from the lainp wdiere samph'S were (‘xposed : 

U.V. bedow 2900 A = 88 mw/cm‘‘^ 

IT.V. above 2900 A =---= 192 niw/cm^ 

Visible 4000-7000 A == 199 mw/ern^ 

Total ra<liation = 479 mw/cm^ 

The rise in temperature of tin* samples was minimised by a blast of air from fan. 
The exposures were done during wdnter and th(? humidity was low. The fabri(i 
was in contact with air throughout. Samples were exposed for 24, 48, 72 atid 96 
hours. 

A third set of 3 yard samples were exposed in the tropic room of the labora- 
tories wdiich is maintained at 85d::2"F and 90 j::2%RH. One yard samydes were 
drawn at the end of each month. Tlie fungi resonsible for the degradation were 
identified to be mainly Curvularia^ Fusarium, Alternaria, Helminthosporium. 
and Penicillium, species. The samples exposed in the troj^ic room were cleaned 
by boiling in water for 2-3 minutes followed by repeated rinsing by fresh water. 

The fibre samples for the X-ray were prepared as follows. Several threads 
were taken out at random from the fabric . Approximately 30 mgm of the fibres 
were separated out of these threads, laid at random on a glass plate and wetted 
with a 2% solution of gum arabic. This was jnado into a pellet by pressing in 
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Fig. 2. X-ray diffraction pattern of samples exposed to 
fungi for 1, 2 and 3 months. 
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a mould, an accurately drilled and polished liolc in a brass cylinder and dried at 

100°C. 

X-Ray Technique. 

The finished pellet was inount(‘(l on a specimen liolder which can be fitted over 
a pinhole (‘ollimator. The X-ray used is Nickel filtered copper radiation from a 
tube oj)erating at 33 KV and ISma. The diffraction pattern was photographed 
on a flat camera, tin* film (JOcm> S cm) being at a distance of »> cm from the 
specimen. The pattern was restricted to one quadrant of the film using lead 
sectors. 

In or(l(T to estimate the intensity of the incident beam a Go]:)pcl cone of J .5 cm 
larger diameter was mount(*d at the centre of the flat camera aiifl servt'd as a 
miniature second caimua. Ovc^r the Groppel cone a Lindemann tube contain- 
ing finely j)o\vdered aluminium stearate was moiintcMl giving rise to a diffraction 
])attern consisting of Debyi‘ Scherrer circles on the sniall section of tlu^ film inside 
tlu‘ Gop])el (*oiK^ The intensity b* of the cojnparison int(Tferenc(‘ peak caused 
by aluminium stearat(‘ will bear a (‘onstant ratio to the incident intensity I. 
Ilcuiee the intensity valu(‘s diu^ to cidlulose interfen'uce y>eaks on the film 

outside the Oopp(‘l cone was estimated in comparison to T,.. All the rings due to 
ctdhilose lie well outside' th(‘ Goppel cone. Tlie patterns were obtained by exposure 
of 2 hours each. 

Similar ])ellets we^re prej)ar<*d from fabrics aftc'r degradations and X-ray dif- 
fraction patterns were recorded in th(‘ other sectors. A ty])ical pattern is n eoidtd 

in Fig. 2. 



Fig. 1. Set up for X-ray (>xpo.suros. 

p,„ Ja ». The i. the G,*.. c„n„ and .. dne to 



456 


W. J. John, B. C. Biswas and 8. 8. Krishnan 


ftluminiiiiu stearate. Tiie peaks outside the Goppel (‘ones are (hie to cellulose. 
Thi' houudaiy line het\v(>(*u the erystalliiu^ peaks and the general background is 
traced by following the trend of the initial part of the curve and joining it to the 
second nuniinuni of the cellulose interference rings by a smooth curve. As the 
separation IwtAveen the first two peaks (101) and (I0T+(U)2-j-02l) overlap the 
first minimum lies above the general bac^kground. 



Fig. 3. Mirrophotometric intensity curves for X-ray diffraction patterns. 


The integrated intensities of the crystalline and amorphous regions were cal- 
culated from the grapli by determining the arenas under the observed curves and the 
smooth line giving th(' general ba(;kground. The background is due to : (1) scat- 
tering by air ; (2) scattering by ani<jrphous portion of the cellulose ; (3) Compton 
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and thennal sciattering iH)ntril)uto(l by both cryHtalhiie and anxorplujus portions 
and (4) errors due to noiimonochromatic nature of the X-rays used. 



Fig. 4. Gniphk* n‘pn*sent-itiou of j’osiilts. 


As the object of the experiment \^as only to follow the changes occuring 
in the amorphous and crystalline ])orti()n, the bat'kground correction was deter- 
mined by assuming tlie value of crystallinity in tlie first control sample to l)o 7d% 
after Hermans and Weidinger (194S). Tin* eorre(d/ion thus calculated w'as ap]>lied 
in subseqmmt samples. Control sam[)les tor exposures were repc'ated Ixdore exami- 
ning each set of deteriorated samples. The eontnfl samples wt*r(‘ thus repc'attul 
10 times during the course of 3 years and tlu" mean value of amorphous portion 
was found to be 30.8^1.1% using the same background correction for all as 

determined above. 


RESULTS 

The percentage of amorphous portions of the deteriorated samples are shown 
in Table below. They are also graphically representccl in Fig. 4. 
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ABSTRACT. A new I’elation, eoniieeting disHoeiiition energy (I>o), force (‘onstant of 
infinitesimal amplitude [ke) an<l internuclear equilibrium distaueo (r^) luis been tleduced from 
Sutherland’s potential function. Tt is of the form Dq— Av(A-f BiV 1 where A, B anti C’ 

are contants and are same for a moleculor group of similar diatomic moltM*ule.s. The appli- 
cability of the relation has been shown in the case of about two hundriMl diatomic molecules 
forming nineteen molecular groups. Dissociation energy, hith(U'to unknown, of thirty diatomic 
molecules has also been predicted. 

INTKODUCTION 


During last four (iecacles, numerous potential functions (Rittner, 1951; 
Varshni, 1957 and 1958a, Varshni et al, 1961) and empirical or semiempirical 
relaions connecting (Pauling, 1954; Varshni, 1958b, Somayajulu, 1960) the various 
molecular constants of diatomic molecules have been suggested. 

Molecules having constant typo of bonding are knoun to form a molecular 
group (Varshni, 1958b) or sequence (Somayajulii, 1!160). For such a sequence 
the force constant for infinitesimal amplitude kf. is inverstdy proportional to the 
equilibrium internuclear distance (Kratzer, 1920; Glasstone, lOJlO; Davies, 
1949; Heath et 1950; 8myth, 1956), which in turn is inversely proportional 
to dissociation energy D^^ (Pauling, 1954). Combination of these relations load 
Somayajulu (1960) to calculate the dissociation energy of molecules assuming 


1^0 


to be constant for a sequence and called it seqiujiice constant 8, 


Calculations 


show three main discrepancies : (1 ) values of 8 for different members of a sequence 
show much variation (Table, XII). (2) The estimated value of J\ for the first 
member of the sequence differs much from the observerl one in nearly all the cases. 
(3) The potential functions so far proposed (Varshni, 1957) do not lead to this 
relation. For example, the Linnett's function (1940, 1942) 


U ... ( 1 ) 

♦Chemistry Dopartmont, Univorsity of .lodhpur, India. 
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loads to the result (Soinayajulv, 1960) 


Kre 

A 


■ nm 14 - - - ^ 

L {m—nr„). 


(2) 


Wo shall (leduoo new lelation ooiinoeting the tliroo niolocraar constants, 

k^, r, and D„ from the Sutherland’s ijottmtial function (1940), which is well 'estab- 
lishcfl (Varshiii, 11)58). 

We shall also use this relation to estimato values, hitherto unknown, in 
the case of many diatomic molecules. 


NEW RELATIONS 

A satisfactory potential functioji of a diatomic molecule satisfies the follow- 
ing <;onditions (Varshni, IfidSa) ; 


tHre)-Aoc) = -Da 


<UJ 

dr / r=r,. 


0 


... (.3) 


... (4) 


and 


dm\ 

df^ lr=re 




Applying these eonditions on p(;tcntial function 

’ (r-df {r-dy 


... ( 6 ) 

... (6/ 


due to Sutherland (1940). wo obtain 


am{ni—n) 

^-dy^^' 


... ( 7 ) 


and 




dy 


/ m~ 

\ 


... ( 8 ) 


Prom Equations (7) and (8) we get 

^9r^^(r,-dy ... (9) 

iv m 

where 7 n, n and d have been assumed te be constant for similar moleoiiles. Equa- 
tion (9) may bo expressed in a general form 

Br 


... (10) 
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whi(?h is the new relation. A, B and C are constants, which may bo expected to 
be the same for the molecules having similar bonding. The relation (10) has 
been applied to about two hundred diatomic molecules. 

DATA AND PROCEDITRE 

The equilibrium internucloar distance values are expressed in A and are 
taken from the '‘Tables of Interatomic distances and configuration of molecules 
and Ions’’ (The Chemical Society, London, England, 1 958) except where indi- 
cated. The values in paranthosis are roughly estimated ones. 

The values of force constant for infinitesimal amplitude expressed in 
mdjA have been calculated from molecular data given by Herzberg (1950) unless 
stated otherwise. 

The observed values of dissociation energy refern^d to O'^K, arc expressed 
in electron volts. The values which are followed by H in paran thesis are taken 
from Herzberg’s molecular data (1950). Similarly, G in paranthosis refers to 
data taken from Gaydon’s book (1953) and that refcrrofl by Herzberg (1950) as 
Gay don’s data. Dq® values in paranthosis arc uncertain ones. 

The procedure to estimate Dq values is very simple. Constants A, B and 
C for a molecular group are determined using and k\ values for three mole- 

cules for which these are known accurately. Having determined A, B and 
C mere substitution of and values in equation (10) yields I)^ values for 
other molecules of the group. T and B in paranthosis in Tables I to XX, refer 
to these estimated Dq values and thost^ estimated by Somayajulu (1960) respec- 
tively. la, lb, 2a, ... etc. refer to the groups of the periodic table. la-7b 
refers to the molecular group of diatomic molecules formed by the combination 
of atoms belonging to la and 7b groups of the periodic table. Other symbols 
have similar meanings. 


DISCUSSION 

Study of the new relation connecting the dissociation energy force constant 
k^ and equilibrium internuclear distance reveals that values must be very 
accurately known, since higher powers of appear in equation (10). While 
accurate k^^ values, except in few cases, where they are estimated by Sheline 
method (1950) or method of Varshni and Majumdar (1955, 1956) or by any other 
method, are available for a large number of molecules, accurate values are avail- 
able only for few. Many unknown r^ values have been estimated by methods 
like Pauling’s additivity of atomic radii, Schomaker-Stevenson equation (Gordy, 
1946), Sheline method (1950), Varshni’s relation (1968b) or Somayajulu’s relation 
(1960). The use of these estimated values is likely to produce divergence between 
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observed and estimated Dq values. In certain eases the observed D„° values are 
themselves uncertain where they are put in paranthesis. Large differences i)etween 
observed and estimated values are expected in such cases. It is important 
to note that often 8pe<!tro8copic, photochemical, thermochcmical and j’lcctron 
impact appearance potential methods yield conflicting D„“ values. In most of 
the cases the convergence limit of bands with its adjoining cf)ntinuum is not 
obtained. Birge and Spooner (1026) haves suggested a methotl of extrapolation 
(Herzberg, 1950; Gaydon, 1953) to the convergence limit from the observed 
bands. In such cases Z)j values estimated by equation ( 1 0) may be used to assign 
most probable D’o values. The unknowTi D/ values of thirty diatomic molecules 
have also been estimated by this relation. 

To show the applicability of the new relation, l\ values estimated using 
this relation, indicated by (T) and thoBe estimated by Somayajulu, indicated 
by '(iS’), along with percentage errors in comparison with observed D,,” values 
are ccdlccted in Tables I to XIX. Values of average errors for different mole- 
cular groups are presented in Table XX. Close study of these tables reveals that 
the new relation yields much bettor results than Somayajiilu’s relation, l^ecause 
for twelve out of fifteen molwular groups the percemtage error for (T) is less than 
that for (S). However, the average error for {T) in the case of la-H, la-7b and 
4b-6b molecular groups is only (t.016%. 0.18%, and 1% higher than that for (S) 
respectively. Average error for molecules for which estimates oi /)„ values have 
been made by new relation as well as by that of Somayajulu. are 1 .76% and 2.78% 
for the former and latter respectively. This further confirms the superiority ol 
the new ndation. In the present study the scope of the applicability of the new 
relation is widened by including fifty more diatomic; molecules belonging to lb-7b, 
2a-7b, 2b-7b and 4b-7b groups which have not been studied by Somayajulu. 


TABLE I 

Hydricle» of la group 
A = 2.829. B — —1.533, C == 0.7798 

" "" (8) (T) 


Molecule 

IV 


T)(,° Observed 

D„ Cal. Error % 

D„Cal. 

Error % 

LiH 

1.595 

1.026 

2.429“, (2.5) (H) 

2.429 « 

2.427 

-0.08 

NaH 

1.887 

0.781 

2.05i;0 2(0), 2.2(H) 

2.187 0 

2.140 

0 

KH 

2.244 

0.5614 

1.86±0. 15(G), 1.86(H) 

1.868 0 

1.8.79 

0 

RbH 

2.376 

0.5148 

].7±0.2(G), (1.9)(H) 

1.809 « 

1.837 

0 

CsH 

2.494 

0.467 

1. 8±0. 3(G), (1.9) (H) 

1.728 0 

1.800 

—4 

Average error % 



0 


0.016 


a. Valasee (1957) 
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TABLE II 
Hydrides of lb group 
A = 4.030, B = -4.201, C ^ 1.583 


Molecule 

re 


Do"" Obser\'ecl 

Df, Cal. 

(S) 

Error % 

(T) 

Do Cal. Error% 

CuH 

1.4631 

! 

1 

■ 

1 

2. 7.1-0. 3(a),<2. 80(H) 

2.77 

0 

2.797 

0 

AgH 

1.6174 

1.817 

2.5(H), 2.3i_-0.1((J) 

2.53 

+ 1.2 

2.502 

+ 0.08 

AuH 

1.5237 

3.138 

4. ]«, 3.1(H) 

4.12 

+ 0.5 

4.10 

0 

Average 

error % 




0.57 


0.03 


The upper state is assumed to lie , then it. correlates with normal protluets and gives 
D"--=4.1 ev. 


TABLE III 
Hydrides of 2a group 
1.071, 1.002, C- 0.6671 


Molecule 

i‘e 

ke 

ObHorveil 

(S) 


(T) 


1)^, Cal. Error % 

I)o cal. Error % 

BoH 

1.343 

2.263 

2.3±0.3(U). 2.2(H) 

2.72 

+ 4.6 

2.041 

0 

MgH 

1.731 

1.275 

2. 0 + 0. 5(G), <2. 49(H) 

1.97 

0 

1.704 

0 

CaH 

2.002 

0.977 

1.7(G), < 1.70(H) 

1 . 75 

+ 3.0 

1.70 

0 

SrH 

2.1456 

0.854 

1.05 + 1(0), < 1.68(H) 

1.64 

0 

1.702 

0 

BaH 

2.232 

0.809 

1.8 [0.1(0). <1. 82(H) 

1.61 

^5.3 

1.745 

0 

Average error % 




2.6 


0 


TABLE IV 
Hydrides of 3b group 

A = -0.1279, B = 1.095, O = -0.0029 


Molecules r« ke 


Do” Obsrvod 


(S) (T) ^ 

Do Cal. Error % Do Cal. Error % 


BH 

1.233 

(2.789)« 

3. 0+0. 4(G), <3. 51(H) 

3.8 

11.8 

3.4 

0 

AlH 

1.646 

1.62 

2.9di:0.2(G). <3. 06(H) 

2.72 

0 

2.7 

0 

GaH 

1.72» 

1.426 

Unknown 

2.49 


2.088 

— 

InH 

1.838 

1.28 

2.6±0.1(G), <2. 48(H) 

2.4 

0 

2.40 

0 

TIH 

1.87 

1.143 

<2. 18(H) 

2.18 

0 

2.18 

0 

Average errr % 




3.0 


0 


a. Estimated using equation (10). 

b. k« recedculated by Sheline method (19S0). 
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TABLE V 
Hyrlrieds of 4b group 
A -1.744, B ^ 3.020, C = - 0.6891 

Molecule re k« L)„° Observed 

Do Cal. KiTor % Dg Cal. Error % 


CH 1.12 

4.484 

3.47(G)(H). 

3.86 111.2 

3.47 0 

SiH 1.521® 

2.39a 

3.19±0.2.5* 

2.79 -5.1 

2.99 0 

GcH (1.66)6 

1.87 

unknown 

2.28 — 

2.56 — 

(1.59l)« 




2.46 

SliH' 1.785 

(1.469)4 

2.13^<3.a(H) 

2.06 -3.3 

2.13 0 

PbH 1.839 

1.445 

<2. 04(H) 

2.04 0 

2.14 14.9 

Average Error % 



4.8 

1.2 

a. Douglas (1957) 

b. Slid 

iiie (1950); e. Soinayajulu (1960); il. Varshru (1958b); e. A.s- 

Burning that the prodissoeiation at 3.2 (‘v occurs into Sri{iD)-l'H(-S). 




TABLE VI 





Hydrides of 5b group 




A -- 

-0.8443,, 7^= 1.503, 6’ 

- 0.0937 


Moloc'ulo Te 


Obser\’'e(l 

(S) 

(T) 

Do Ual. Error ^ 

/f, Do Cal. Error % 



NH 1.038 

().02 

3.7 J.O., 5(G), 3.8(H) 

4,45 -1-0.0 

3.70 0 

PH 1.43 

3.26 

Unknown 

3.32 

3.63 

AsH 1 . 58® 

2.43« 

Vnknown 

2. 61 — 

3.15 — 

SbH 1.76« 

2.05® 

Unknown 

2.5 — 

3.10 — 

Bill i.suy 

1 . 708 

2.5±0.3(G), 2.7(H) 

2.2 0 

2.67 0 

— , 



3.(> 

0 

Average error 





tt. Sheliiio (1900) 


TABLE VII 
Hj'driclcs of 6b group 




A = 0.5779, B = -0.4614, 

V =-■ 0.4608 




Da'" Obser\'o 

(8) . 

(T) 

Molecule 

re 

Do Ual. Error % 

Do Cal Error % 

OH 

SH 

SoH 

TeH 

PeH 

0.971 

1.34*' 

1.604 

1.694 

i.774 

7.791 0.393 ±0.03® 

4.193<-- 4.02>D''>2.88'' 

3 .X 8 a Unknown 

2 . 53« Unknown 

2.1ti Unknown 

4. 5-19 +2.6 

3.69 0 

2.99 — 

2.70 — 

4.395 0 

3.300 0 

2.934 — 

2.820 — 

2.63 — 


r ' M .O 

Average Tror% 

I. Barrow (1956) ; b. Ramsay (1962) : r. Leooh (1954) ; d. Sheline (1950) 
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TABLE VIII 
Hydrides of 7b group 

A = —0.8548 B = 2.211, C -= -0.6788 


Moleouie ve 

ke 

Do"' Observe 

(S) 

D<> Cal. Error; 

(T) 

Do Cal. Error % 

FH 

0.9171 

9.655 

5.8±0.1. <6. 40(H) 

5.713 0 

5.81 

0 

(IH 

1.275 

5.157 

4.430(H), 4.431(G) 

4.242 -4.2 

4.43 

0 

Bril 

1.4138 

4.116 

3.754(11) 

3 . 754 0 

3.756 

+ 0.05 

IH 

1.604 

3.141 

3.00±0.01(a), 3.05C(H) 

3.251 +5.9 

2.971 

-2.6 

AtH 

1 . 680 

2.1^ 

unknown 

— 

2.539 

— 

Avt^rage 

error 



2.5 


0.66 

a. Kecalculated Viy method of Shelino (1950). 

TABLE IX 

la-la group 

A = 0,8501, B = 1,200, (J - 

Molecule Te Observed 

=: 0.0127 

(S) 

Do Cal. Error % 

Do Cal. 

(T) 

Error % 

laLi 

2.672 

0.2552 

1.10±0. 05(G), 1.03(H) 

0.98 -4.9 

1.059 

0 

NaNa 

3.078 

0.1717 

0.75±0. 03(G), 0.73(H) 

0.76 0 

0.800 

+2.6 

KK 

3.923 

0.0986 

0.56i0.04«, 0.51d: 

0.05(G), 0.514(H) 

0.555 0 

0.567 

0 

KbRb 

(4.1 8)* 

0.082 

0.49(H), 0.47±0. 05(G) 

0.493 0 

0.490 

0 

CsCs 

(4.60)« 

0,06901 

0.45(H), 0.45±0.04(G) 

0.453 0 

0.449 

0 

KLi 

(3.29)« 

{0.1487)4 

Unknown 

— — 

0.734 

— 

RbLi 

(3.53)<5 

(0. 1294)4 

Unknown 

— 

0.679 

— 

CsLi 

(3.83)c 

(0.1094)4 

Unknown 

— — 

0.616 

— 

KNa 

(0.1296)<^ 

0.1296 

O.02± 0.03(0) 

0.65 0 

0.667 

+ 1.0 

CsNa 

Average 

(3.76)c 

error % 

0.108 

Unknown 

0.68 ■— 

0.8 

0.697 

0.6 

a. Looms (1932), b, Guggenheimer (1946), c. Gordy (1946), d. 

Varshni (1968b). 
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TABLE X 


5b-5b group 




A = 

= —0.4891, 15 = 0.9770, 

C' = 

-0.1317 



Moloculo 

Te 

kc 

Observed 


(S) 

(T) 



Do Cal. Error % Do Cal. Error % 

NN 

1.0976 

22.962 

9, 756(H) 

11.0 

+ 21.0 

9.753 - 

0,3 

PP 

1.8943 

5.556 

5.03 or 4.12(H) 

4.93 

~2.0 

4.938 

'1.8 

ArAs 

2.08 

4.069 

<3. 96(H) 

3.96 

0 

3.96 

0 

SbSb 

2.48 

2.611 

3. 010. 5(G) 

3.03 

0 

2,935 

0 

BiBi 

2.68 

1.836 

2.2 or 1.7(H) 

2.3 

-■1 4.5 

2.172 ^ 

1.3 

PN 

1.491 

10.16 

7.1_L0.05«, (6.8)(H) . 

7.09 

0 

6.86 —2.5 

AsN 

(1.59)'' 

7 . 926 

5. 0± 1.0(G) 

5.9 

0 

5.795 

0 

SbN 

(1.79)'' 

6.564 

5.5« 

5.5 

0 

5.50 

0 

SbSb 

(2.68)'' 

2.193 

3.0J:2.0(G), (3.0)(H) 

2.65 

0 

2.531 

0 

Avoraj»o orror % 




3.05 


0.65 


a. Huffman e.t n/(10.'>4); b. Somayajnlu (lOfiO), o. Assuminij the limit of the upper state to 
porrolato tvith Sb(-I))-|-(<S). 


TABLE XI 
Gl»-6b group 

A =--1.3191. 1.943, ('=-0.4()o9 


Moleoule 

Ye 

kr? 

D<>° Observed 

(S) 

(T) 

Po Cal. Error% 

Do Cal. Error % 

GO 

1 . 2074 

11.765 

5.1148±0.002<» 

6.436 +25.8 

6,119 +0.4 

SS 

1 . 889 

4.959 

4 4(H), 4.6(0) 

4.243 -3.6 

4.474 +1.7 

SeSo 

2.162 

3.612 

< 3.55(H) 

3. .52 0 

3,548 0 

TeTe 

2.59 

3,368 

3.18(H) 

2.78 -12.6 

3.329 + 4.7 

SO 

1.4933 

3.921 

6.358 or 4.212'' 

5.358 0 

5.361 + 0.06 

SeO 

(1.62)^* 

6.44 

(6.4)(H), 3. 5± 1.0(0) 

4.725 -f 5.0 

4.916 — 9.0 

TeO 

(1.82)^ 

5,304 

3.463(H) 

4.372 +26.6 

4.621 +34.1 

Average Orr'or % 



10.5 

7.14 


a. Brix et al (1954); b. Norrish ef al (1969); o. Somayajulu (1960). 
6 
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TABLE XII 


7b-7b group 




A = 

-1.240, 

II 

1 

o 

11 

! 

0.3241 


Molecule 

S* 

Te 


Df)" Observed 

(S) 

(T) 


Do Cal. Error 

0/ 

/o 

Dq Cal. Error 
% 

f'f 

1.418 

1.418 

4.453 

2.17 to. 2«, <2. 76(H) 

2.313 0 

2.046 0 

ClCl 

1 .488 

1.988 

3.286 

2.475(H)(G) 

2.393 -3.3 

2.478 -1 0.1 

BrBr 

2.284 

2.284 

2.458 

1.971(H) 

2.050 +4.3 

2.041 +3.5 

II 

2.729 

2.667 

1.721 

1.5417(H) 

1.681 +9.0 

1.457 -5.5 

FCl 

1.629 

1.628 

4 483'^ 

2.616 or 2., 557(H) 

2.719 +4.0 

2.60 -0.6 

FBr 

1.756 

1.755 

4.095<J 

2.60 or 2.19(H) 

2,637 +1.4 

2.668 -f 2 6 

FT 

2.050 

(2.05)^ 

3.64 

2.87(G) 

2.73 -4.9 

2.81 -2.1 

BrCl 

2.141 

2.138 

2.717 

2.26(H) 

2.128 -5 8 

2.173 3.8 

ICI 

2.321 

2.321 

(2.383)^ 

,]52(H)o 

2.026 -5.8 

1.993 -7.4 

IBr 

2.434 

2.434 

2.064 

1.817(H) 

1.84 +1.2 

2.749 -3.7 

Average error % 




4.0 

2.9 


Sequence constant S* = (rpkg/D£,) 


a. Caimt and Barrow (1949), b. Nielson et al (1951), \ Diirio (1951), d. Somuyajulu (1960) 


TABLE XTII 
la-7b group 

A ---0.3731, B - 1.978, C - -0.0972 


Molecale 

ri» 

ke 

Do^ Obsorvod 


(S) 

(T) 

Do (’al. 

Error % 

1),, Cal. 

Error % 

LiF 

(1.59)a 

(2.30)* 

5,954 0.2(G), <6. 6(H) 

5.95 

0 

5.95 

0 

LiCl 

(1 .97)« 

1.4994 

5. 0+0. 3(G) 

4. 8 

0 

4.72 

0 

LiBr 

2.17^ 

1 . 2484 

4.35+0.3(0) 

4 3 

0 

4.32 

0 

Lil 

2.392« 

0.9727/ 

3. 5 +0.2(0) 

3.69 

0 

3.70 

0 

NaF 

(2.0)« 

(1.465)* 

4.65+0.2(0), <5.3(Hj 

4.65 

0 

4.68 

0 

NnCl 

2. 3006' 

1.14 

4.24+ 0.05(0) 

4.15 

1 1.0 

4.131 

-1.4 

NaBr 

2.502<? 

0.9594 

3.80J 0.1(0), 3.85(H) 

3.81 

0 

3.801 

0 

Nal 

2.7116« 

0.76314 

3.07+0.1(0), 3.16(H) 

3.28 

+ 3.5 

3.18 

+ 0.3 

KF 

2.65» 

1.20.50 

5.0i 0.25(G) 

5. 0 

0 

4.943 

0 



1.24« 




5.087 

0 

KCl 

2. 667® 

1 .020 

4. 4 + 0. 05(G), 4.42(H) 

4.32 

-0.7 

4.30 

-1,1 

KBr 

2.821® 

0.83« 

3.94 ir 0.05(G), 3.96(H) 

3,72 

-4.4 

3.68 

-5.7 

KI 

3.048® 

0.7040 

3.32 1:0.05(0), 3.33(H) 

3.39 

{0.6 

3.35 

0 

KbF 

(2.31)« 

1 . 390 

5.35+0.2(0), 

5. 1 

-1.0 

5.11,3 

-0.7 

RbCl 

2.787* 

1.076 

4.50 f 0.2(G), >3. 96(H) 

4.76 

+ 1.3 

4.718 

+ 0.4 

RbBr 

2.946® 

0.788“ 

4.0+ 0.25(0) 

3.74 

-0.02 

3.63 

-3.2 

Rbl 

3.177® 

0.0330 

3.35 4 0.1(G), 3.29(H) 

3.33 

0 

3.122 

-3.9 

CsF 

2.345® 

1.451 

5.5 to. 2(G) 

5. 4 

0 

5.38 

0 

CsCl 

2 . 906® 

0.95“ 

4.6+ 0.2(G) 

4.38 

-0.5 

4.4 

0 

CsBr 

3.072® 

0.800 

4.1+0.25(0), ^3. 9(H) 

4.19 

0 

4.12 

0 

Csl 

3.315® 

(0.605)* 

3.4+0. 1(0), 3.3(H) 

3. 5 

0 

3.40 

0 

Average error % 




0.65 


0.83 


a. Barrcw et al (1953), b. SomayAinla (I960), e. Kittner (1951), d. Rice ei al 


(1957), e. Henig et al (1954), f, Klemperer et ol (1957), g. Grabner et al (1950), 
h. Tirschkd ct al (1954). 
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TABLE XIV 


lb-7b group* 

^-=6.718, 7? -r— 6.125, 1.599 


MoIocuIb r« kfl Do'' Ohsorverl 


D(, ChL Error % 


CuF 

1.743 

3.32 

(3.0)(H) 

3.0 

0 

CuCl 

(2.24)a 

2.301 

(3.<>)(fl) 

2.4 

—25.0 

CuBr 

(2.42)« 

2.035 

2.7 4-0.5(0). (2.5)(H) 

2.67 

0 

Cul 

2.406 

1 .738 

(3.0)(U), 1.9 i;0.2(G) 

2.14 

-1-2.0 

AgP 

(2.63)« 

(l.OOSj^* 

(2.(519)4 

Unknown 

2.91 

2.2(5 

-3.0 

AgCl 

(2.42)« 

1.832 

.3.1(11) 

2.31 

—25.5 

AgBr 

(2.59)0 

1.637 

2.e(H) 

2.60 

0 

Agl 

(2.81)0 

1 .453 

2.98(K) 

3.1 

+ 4.0 

AuCl 

(2.48)0 

2.564 

3.5(H), 2.8-l:0.5((l) 

3.50 

0 

Average 

error % 




6.6 


♦ Drt values liavo not been ealeulatod by Somayajulu (1960) 

a. Calciilattid by Snhomaker-Stovenson rule (see Gerdy, 1946) 

b. Guggenheimor (1946), C. Varshni (1958b) 
d. Varshni c? al (1955, 1956), 


TABLE XV 
2a-7b group* 

A - 1.5383, n ~r 1.623, O = -0.0825 


Molecule 

re 

k6 



(T) 


Cal. 

Error % 

BeF 

1.361 

6.708 

4. 0+1. 0(G) 

3.0 

0 

He(^l 

(1.7)0 

3.025 

3.0(G) 

3.0 

0 

BeBr 

(2.05)'' 

(2.145)^ 

Unknown 

4.09 

— 

Bel 

(2.33)'' 

(2.612)c 

Unknown 

4.69 

— 

MgF 

(1.762)0 

3.216 

3.2+ 0.7(0) 

3.37 

0 

MgCl 

(2.29)'' 

1.815 

(3.2)(H) 

3.2 

0 

MgBr 

(2.44)'' 

1.514 

< 3.35(H) 

2.92 

0 

MgT 

(2.72)'' 

(1 .17)« 

Unknown 

2 . 65 

— 

ChK 

(2 . 02)a 

2.615 

3.15(H) 

3.67 

-f J6.5 

Gad 

1 .86 

1 .504 

<2.7(5(H) 

1.79 

0 

CaBr 

(2.70)'' 

1.274 

(2.9)(H) 

2.9 

0 

Cal 

(2.98)* 

1.051 

(2.8)(H) 

2.7 

-3.6 

SrF 

(2.13)* 

2.30 

2.7 ! 1.0(G). (3.5)(H) 

3.55 

0 

Srd 

(2.68)* 

1 .345 

(3.0)(H). 2 5+ 1.0(G) 

3.0 

0 

SrBr 

(2.83)* 

1 . 146 

(2.8)(H) 

2,8 

0 

Sri 

(3.11)* 

0 9231 

2.2(H) 

2.5 

+ 13.6 

BaF 

(2.22)* 

2.161 

(3.8)(H) 

3.62 

— 4.7 

0 

0 

BaCl 

BaBr 

BaT 

(2.77)* 

(2.92)* 

(3.20)* 

(1.162)<^ 

1.109 

(0.874)^ 

(2.7) (H) 

(2.8) (H) 

Unknown 

2.7 

2.8 
2.44 

Average error % 




2.9 


* Do values have not boon ealciilatod b.y Somayajulu (1960). 

a. Varshni (1958b), 

b. Margrave (1964), 

o. estimated by method of Varshni et al (1955, 19on) 
d. estimated by ecjuation (10). 
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TABLE XVT 
2b-7b group* 

A =-0.9328, B = 1.849, C = -0.5073 


Molecule 

Te 

ke Do" Observed 


(T> 


Do Oal. 

Error % 

ZnF 

(1.59)0 

(3.441)^ Unknown 


2.496 



ZxiCl 

(1.946)<> 

2.046 2.6il.0(G) 


1.523 


0 

BnBr 

(2.136)f> 

(1.661)^ Unknown 


1 . 165 


— 

Znl 

(2.30)6 

1.25 J.8±0.6(O) 


0.800 


-33.3 

CdF 

(1.723)*' 

(2.74)^ Unknown 


2.045 


— 

CdCl 

(2.094)6 

1.716 2. 2i 1.0(G) 


1.225 


0 

CdBr 

(2.248)t 

1.4.55 2.8±1.0(a) 


1.960 


0 

HgF 

(1.74)0 

2.406 (1.8)(H), 1.4±0.6(G) 

1 . 798 


0 

HgOl 

(2.23)> 

1.502 1.0(H) 


1.000 


0 

HgBr 

2.44.0 

1.180 0.7(H) 


0.7 


0 

Hgl 

2.55« 

0.7223 0.30_1:0-05(G), 0.36(H) 0.35 


0 

Average error % 





4.2 

* Do values have not been calculated by Somayajulu (1960), 




a. Guggenheimer (1946), 





b. Varshni (1958b), 






c. estimated by method of Varshni et nl (1955, 1956) 







TABLE XVII 







3b-7b group 






A = 

-1.0879, B = 2.279, C 

0.4596 for 7b-B group 



A = 

—5.407, B ^ 6.226, C = — 1.204 for the rest 







(8) 


(T) 

Molecule 

Te 

Do" Ob.served 

— ^ — 







D,, Gal 

. Error % 

Do Cal. Error % 

BF 

1.262 

8.043 8.5i0.5(G) 

8.50 

0 

8.5 

0 

BOl 

1.716 

3.473 5. 1^0. 4(G) 

5.0 

0 

5.1 

0 

BBr 

1.887 

2.665 4.24 0.2(0), (4.1)(H) 

4.21 

0 

4.15 

0 

BI 

(2.17)0 

( 1 . 86)^ Unknown 

3.3 


3.24 



AIF 

1..654C 

4.191'* 6.7±0.3(G) 

6.83 

0 

6,68 

0 

AlCl 

2.138 

2.078 5.0±0.2(G) 

4.38 

-8.7 

5.0 

0 

AlBr 

2.296 

1.692 4.3i0.3(G) 

3.83 

-4.2 

4.29 

0 

All 

2.53« 

1.31 3.7-h0.7/ 

3.3 

0 

3.47 

0 

GaF 

1.776'* 

3.41» 6.2'±0.03» 

5,96 

-3.4 

6.32 

+ 1.6 

GaCl 

2.208<* 

1.821 4.99-t0.02(G) 

3.96 

-20.3 

4.5 

- 0.4 

GaBr 

(2.36)o- 

1.516 3 . 540 . 8 (G) 

3.5 

0 

3.9 

0 

Gal 

(2.60)*' 

1.233 2. 9±0. 2(G), 2.88(H) 

3.0 

0 

3.25 

+ 4.8 

InE 

1.985<^ 

2.74» 6.41(G) 

5.36 

-0.9 

6.05 

+ 11.8 

InCl 

2.401C 

1.591 4 . 540 . 1 (G) 

3.76 

-14.5 

4.16 

- 5.7 

InBr 

2.541<* 

1.366 3.4i0.2(G) 

3.42 

0 

3.60 

0 

Ini 

(2.72)« 

1.114 2.8 10. 2(G) 

3.0 

0 

2.92 

0 

TIF 

(1.93)» 

2.31 4.75±0.2(G) 

4.74 

0 

4.91 

0 

TlCl 

2.641<5 

1.463 <3, 19(H) 

3.64 

+ 14.1 

2.16 

0 

TlBr 

2.68 

1.26 3.2± 1(G), 3.19(H) 

3.25 

0 

3.32 

+ 0.6 

Til 

2.814 

1.038 2. 8±0. 23 /, 2.64(H) 

2.88 

0 

2.68 

0 

Average error % 



3.5 


1.8 


a. Margrave (1954), b. Varshni (1958b), e. Barrow el al (1067), d. Naude el al (1966), 
e. Ouggenheimer (1946), f. Brewer el al (1950), g. Barrow el ol (1964), h. estimated by 
Schomaker'StevenBon rule (see Gerdy, 1966). 
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table XVIII 
4b-7b group* 

A =-3.346, B = 3.768, C =-0.6664 


Molecule 

Te 

ka 


(T) 



Bo Cal. 

Error % 

CF 

1.27ia 

7.406a 

Unknown 

2.707 

— 

CCl 

1.73* 

3,766 

Unknown 

4.440 

— 

CBr 

(1.901)^ 

(2.925)^ 

Unknown 

5.667 

— 

Cl 

(2.176)c 

(2.175)<5 

Unknown 

3.680 

— 

SiF 

(1 .603)0 

4.892 

4.8(H) 

4.8 

0 

SiCl 

2.006 

2.624 

4.0(H) 

4.0 

0 

Sil3r 

2.156 

2.213 

3.7(H) 

3.7 

0 

Sil 

(2.459)<» 

(1.658)c 

Unknown 

3.14 

— 

GoF 

(1.670)<» 

3.925 

(.4.9)(H) 

4.3 

-10.2 

GeCl 

(2.08)6 

2.323 

(4.0)(H) 

3.74 

-6.5 

GoBr 

(2.29)6 

1.971 

(3.0)(H) 

3.5 

+ 16.7 

Gel 

(2.558)« 

(1.523)*' 

Unknown 

2.94 

— 

SnF 

. (1.82)6. 

3,278 

3.9(H) 

4.28 

+9.7 

SnCl 

. 2.326 

1,976 

3 . 6 (H), 3.2±0.5(G) 

3.6 

0 

SnBr 

. 2.44 . 

1.726 

(3.0)(H) 

3.247 

+8.2 

Snl 

■ (2.082)« 

(1:373)*’ 

Unknown 

2.7 

— 

PbF 

• (2.01)6 

2; 630 

<4.. 5, 3.47(H) 

4.04 

0 

PbCl 

2.436 

1 .*627 

2.6±0.4(G), 3.1(H) 

3.05 

-1.7 

PbBr 

2.606 

1:449 

2.9(H), 2.2+0. 4(G) 

2.82 

-2.7 

Pbl 

(2.86)« 

1.194 

2.8(H) 

2.4 

-14.3 






5.4 

Average error % 







•Do values have not been calculated by Somayajulu (1960). 

a. Rosen (1951), 

b. Guggenheimer (1046), 
e, Varshni (1968b). 
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TABLE XIX 
4b-6b group 

^==-0.6803, 5 = 1.317, 5 =--0.1742 


Molecule 

Tfi 

kf. 

Observed 


(S) 

(T) 

Cal. Error % 

D„ Cnl. Error % 

CO 

1.1282 

19.02 

ll.U(G) 

11.11 

0 

11.116 

+ 0.04 

CS 

1.534 

8.488 

7.9«. 7.3±1.0(G) 

7.90 

0 

7.907 

0 

CSe 

1.669 

6.585 

6.8(H) 

6.67 

-1.9 

6.8 

0 

CTe 

(1.949)6 

4 . 945 c 

Unknown 

5.85 

— 

6.066 

— 

SiO 

1.510 

9.247 

8.0d 1 .0(G), 8.9±0.27<? 

8.09 

0 

8.436 

0 

SiS 

1.9288 

4.937 

6.4i0.5(G) 

5 . 78 

-2.0 

5.983 

0 

SiSo 

(2.14)« 

4.094 

r>.3Jb0.6(G). 5.8(H) 

5.32 

0 

5.490 

0 

SiTo 

(2.34)« 

3.130 

4.6±0.3(a) 

4.44 

0 

4.521 

0 

GeO 

1.6607 

7.525 

6.75±0.284, 6. 9(H) 

7.20 

-.3.1 

7.677 

+ 10.0 

GeS 

(2.06)« 

4,358 

5.66^-0.13(0), 6.6(H) 

5.45 

-1.4 

5.643 

0 

GeSe 

(2.19)« 

3.743 

4. 98 ±0.25(0) 

5.02 

0 

5.128 

0 

GeTe 

(2.39)'’ 

2.902 

4.1 to. 4(0) 

4.13 

0 

4.278 

0 

SnO 

1.838 

5.615 

5.9« 

5.98 

+ 1.3 

6.474 

+ 9.7 

SnS 

(2.26)'’ 

3.536 

4.81±0.28/ 

4.85 

0 

4.979 

0 

SnSe 

(2.37)« 

3.066 

6.64ff, 4.6(H) 

4.45 

-2.0 

4.5 

-0.9 

SnTe 

(2.57)« 

2.439 

4.H 

3.81 

-7.1 

3.798 

-7.3 

PbO 

1.922 

4.557 

(4.3)(H) 

5.07 

+ 17.9 

5.508 

+ 28.1 

PbS 

2.395 

2.992 

4.66, (4.7)(H) 

4.35 

-5.4 

4.42 

-3.9 

PbSe 

(2.53)« 

2.595 

3.5±1.0(O). 4.276 

3.98 

0 

3.992 

0 

PbTo 

(2.73)« 

2.086 

3.6(H) 

3.46 

-l.l 

3.378 

-3.5 

Average error 




2.3 


3.3 


a. Thermochemical values, b. Varshni (1958b), e. Rosen (1951), d. Barrow ei at 
(1954), e. Guggenheimer (1946), f. Barrow et al (1953), g. Vago et al (1946), h. Vago 
€t al (1948). 
al (1948). 



Corrdation of Dissociation Energy and Molecular, etc. 173 


TABLE XX 

Average percentage errors 


Molecular Group 

(S) 

(T) 

la-H 

0 

0.016 

Ib-H 

0.57 

0.03 

2a~H 

2.6 

0 

3b^H 

.3.0 

0 

4b-H 

4.9 

1.2 

5b-H 

3.0 

0 

6b- II 

1.3 

0 

7b-H 

2.5 

0.66 

la — la 

0.8 

0.6 

5b-5b 

3.05 

0.65 

6b-6b 

10.5 

7.14 

7b -71) 

4.0 

2.9 

la-7b 

0.65 

0.83 

lb-7b 

— 

6.6 

2a -7b 


2.9 

2b-7b 

— 

4.2 

3b-7b 

3.5 

1,8 

4b-7b 

— 

5.4 

4b-6b 

2.3 

3.3 
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LOW ANGLE X-RAY MEASUREMENTS ON DENSELY 
PACKED colloidal SYSTEMS— WOOL 

T. RATHO 

ReOTONAL EnOINRERTIIG CoLLKfJK, RoITKKELA 
(Eecvived A/a// 18, J9t)4; Resubmitted Jvhj 17, 1984) 

ABSTRACT. Low atigh* x-my methods havt* bo('n applituj to det(Tmiri(^ the size of the 
seatteriii^ inhomogeneitit^s in wool assuming it- to belong to the denscdy packed colloidal system 
after Guinier m('thods of (^valuation. The abfiienee of particle scattering in such flystoina is 
ma(l(' clear. 


I N T K O D V C T I O N 

By using ilip low angl(‘ scattoring camera of Kratkv it lias Lmi possible 
to deteniiine tlu‘ siz(‘ of tlu‘ large sized partiides. The differeiuie between jiartiek^ 
s(‘,attering as in the (^ase of dilute eolloidal systems and si*attering by matter in 
densely packed eolloiflal systems as considered by ihirod (1951) and Kratky (1952) 
becomes ekuxr. It lias biMm possibk^ to determine the thickness of the layers 
assuming wool to lx* distributed in layers with free spacers in between. 

K X P R R I M E N T 

A sample of wool of the type Greany Lincoln Ewes from England was the 
substance investigatiMl. In order to remove any amount of impurity and fats the 
sample was washed with soap, cleaned in a stream of distilled water, cooked with 
1:3 mixture of aether and alcohol for 25 hours, in eyelohexane for S hours and 
finally in benzene for S hours to attain high degree of purity. Cooking the sample 
for longer pi'riods produced no effect on the x-ray diagram, as by tli(’> above process 
most of the fats were rmnoved and the substam*e arranged itself in layers with 
free spaces in between. It was then stretched to avoid any curling, its density 
determined and an amount Avith a definite cross-section Avas introilueed into a 
Mark capillary, the scattering due to the empty capillary container having been 
determined previously. The sample had the following constants :- 

Length 35 mm. 

Weight 31 mg. 

Density 0.32gm/e.c. 

Thickness 1.88 mni. (This was also the internal diameter ol the Mark 

capillary.) 
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Exposures were taken with the empty capillaries, exposure time in each 
case being 213 of that for tho correspending sample. This is duo to the difference in 
absorption between the container glass and the sample^ the latter being a strong 
absorber ox2)osure times were less tlierefore for empty containers. Tiie capillary 
containing the sample was so placed that the length of the primary beam was 
parallel to the fibre axis. Therefore the diffraction pattern should correspond 
to the equator representation of the fibre diagram of “0” Kratky (1955) or 
Polanyi (1921). 

The apparatus userl is the well known small angle scattering camera of Kratky 
(1958) fitted with a photographic arrangement. As it is desired to photograph 
the scattered intensity from very small angk^s up to high angular values, in tho 
small angle region, it is not po.ssible to obtain the compk>te picture in a single 
photograph. When the time of exposure is large, the scatt(U‘ecl intensity as regis- 
tered by tho photographic film at very small angli\s is so strong that it cannot 
be measured by densitometer. For too sliort (^x])osures, intensity corresponding 
to larger angles being very weak, cannot be rogisten^fl by a ph()iograpliic filu) 
at all. Therefore it wm decided to photograph the Avhok^ region in parts by keep- 
ing the primary beam shutter of the apparatus at various heights following the 


procedure of Kratky outlined in this paper. A series of photographs were obtained 
with different times of exposure by adjusting the primary beam shutter at 
different heights. The highest of the primary beam shutter and tlu^ corres- 
ponding exposure timings are given below. 

Hciight of tho 
primary beam 
shutter in 
1/100 mm. 

185 

Exposure timt 
in minutes 

12 

105 

24 

207 

48 

221 

06 

238 

102 

260 

384 


The time of exposure varied from 12 mins, to 384 mins., thus photographing a 
range corresponding to Bragg values of 800 A to 50 A for A ^ 1.54 A in stages. 
After this the corresponding densitometer curves were obtained under identical 
conditions. Each partial curve represents a particular angular range of dif- 
fraction. They are plotted in parts in Fig. I. After this the total curve can be 
obtained by multiplying the partial curve intensities with their rospcvjtive time 
factors. The experimental measurements and their relative transformations 
are given in Table L A Siemens apparatus fitted with a copper target was 
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(.mployt,fl in the present investigation. The balaneefl filter method due to 
Kratky (1943) was utilized to obtain the above i)artial intensity curves duo 
to CuKa tadiation. The entrance slit of the low angle camera was 0.11 mm. 
and the film sample distance was 135 mm. 



Fig. 1. ap ~ 13. 5 > 25.4 


DISCUSSION AND THEORY 

As Avool is an oriented substanee one can proc(H*d with the smcared-out 
curve and no slit cornMdion is necessary. Mon'over due to a very large difference 
in the scattere<l intensity of tlic innermost and the outtTinost portions of the 
curve, it is only convenient to plot log / versus m to know the exact nature of the 
scattering curve (Fig. 2). Hcu’c I is the smeared -out intensity and m is the 



Fig. 2. --^map X3. ')X25.4 
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distance from the centre of th(' primary beam measured along tin* dcuisitometer 
eurv(‘ and is thendbre a function of tlie scattering angle Tlie double logarith- 
mic plot log I versus log nt is a straight line of slope — 2.S() (Pig. 3). 

According to Porod (1953) the tail portion of the smeared-out scattering 
curve of a general two phase system decreases like where k is a measure of 
the interface of the two phases. As usual m is given by 

2f) — 

where 2f) is the angle of scattcning, the film sample <listance and ‘"p" is the 
transformation factor. The intensity I can therefore be expressed as 

/ Kjm^ 
log / log (kjm^) 

. ■ . log I ~ log k~ 3 log rn 

3, since log k is a constant . 

a log '//? 


As tan a, the slope of the straight line in the double logarithmic plot is about - 3, 
(Fig. 3). this exactly represents the tail portion of such a sim»ar(*d-out curve For 
accessible scattering angles. Tt is not possible* therefore to determine the size of 
the scattering inhomogeneiti(NS as a whole. W(‘ can estimates tliat it must only 
be larger than the largest measurable Bragg-valm* of about 

^ (fj) A 

i.e. D 1.54 X 13.5x25.4 -- 520 A; for A - 1.54 A, r/--13.5 and P=-=25.4. 



ap* 
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Assuming muioJlcs of variable tliickness as model for the scattering system 
(Kratky ami Pomd, ItlP.l), we can hopt' to obtain tlie mean thickness from the 


Guinier plot log Im^ versus nfi. From such a curve one can easily get, on drawing 
two asymptotic tangents at tlie two extremities, two values of the thickness factor 
of about OOA and 125 A resis'ctivcly. 


T.ABLE J 

Measurements on wool, filter differenei' luetliod 


3 . > 4 


tn 

/ 

F 

i I ^ J 

1.1 

0.3 


293.0 

1 2 

7 3 

32 

229.0 

1 

5.8 


ISl .0 

1.4 

8. 1 


125.0 

1 V, 

0.1 

10 

93 0 

1 s 

8 4 


03.2 

2 I 

V> 35 

8 

40.8 

2 3 

10 2 


30 S 

2 

8.5 

1 

30 0 

2 0 

i(» 0 


28 0 

2.S 

12 0 


20 0 

3 0 

10 0 

2 

10 0 

3.2 

13 0 


13 0 

3.5 

10.7 


10.7 

4.0 

8.0 


8.0 

4 . 5 

0.2 

1 

0.2 


I — Tulonsity not coiTecttHl for time factor. 

F — ‘Timo factor. 

/ — Smcarcd-out intensity 

X — Corrected for tlie background intensity. 

A thorough theoretical hamlling of the probl(*iii of low angle scattering is due 
to Porod (11)49) which applies to fully oriented systems like regenerated cellulose. 
The scattering of such a syst-tuu treated after Babinet's reciprocal relation, after 
certain assumptions, leads to a scattering function 0., resulting out of interparti- 
cular interference. This effect is v(‘ry important where the distance between 
neighbouring particles is much smaller than the dimensions of the particles 
themselves. The function intreases rapidly to very high values as the 
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scattering angle 20 approaches zero. When 20 ~ 0 this intensity becomes 
infinite. That is why in the case of wool, irregular system not highly oriented, 
the scattering curve, (Fig, 2), is very steep and runs almost parallel to the F 
axis for very small values of 20 . In this case the particle scattering is 
practically absent due to the irregularity of the free space and the occupied 
space. While intcrparticular effects are predominant. The scattered intensity 
speaks about the spread or extension of the micelle system. 

CONCLUSION 

The size of the scattering inhomogeneities in wool are larger than 520 A. 
Interparticular interference is predominent in the system. 
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A PRELIMINARY NOTES ON MAGNETIC SUSCEPTIBILITY 
AND ANISOTROPY IN TETRAHEDRALLY 
CO ORDINATED Co++ ION f 

S. KUMAR*, S. MITRA and K. RAI 

Maonktism Department, Indian Association for the (kii;rivATioN 
OF Si’IENCE, .Iadavpur, (’alcutta 32 

{Received Aug 14 fit 14, 1964) 

Tlie double' chloi ides U()Cs^0l4 and (VeUsjClj both have a slightly distorted 
tetrahedron of four (^1 • ions with the Uo'**^ at the centre. The Oo'*^’ may be 
considered to be utwler a predominantly eubie ligand field of the type 7'^, which 
splits the 3d^ ground state of Oo+^ into an orbital singlet ■‘A^ and two triplets 

and eaeth with fourfold degeneracy due to spin so long as the small distor- 
tion is neglected. The ‘‘A.^ level lies lowest with '•T., and ^Tj successively at ener- 
gies 35(K) cm"* and 6300 cm ' above it (Cotton el al. 1961). Spin-orbit coupling 
has non-vanishing matrix elements betAveen and and in the presence of 
the small tetragonal field, (taused by the abovementiom'd distortion taking place 
along a line joining the oppijsite edges of the tetrahedron (Powell and Wells, 1935), 
splits up the ^Ag level into tAA t) Kramer's doublets A\'ith separation of the order 
of 9 cm~*. (Bowers and Owen, 1955). No mixing of ^Tj(F) and ^T](P) levels 
with ^Aj comes directly except in a very high order through ^Tj, which can there- 
fore be neglectiHi, 

Calculation upto second order of magnetic perturbation /7H(L } 2S) yields 
the expression for principal magnetic susceptibility K{ (i — || or to the tetragonal 
axis of the ion) which explains well (Table I) the magnetic measurements 
of mean susceptibility and anisotropy in the range 300‘'K to 90°K by one of us 
(S.M.). on CoOsgClj. It is seen that th(^ spin-orbit coupling parameters parallel 

t A part of the work has been submitted for both reading and publication to the Inter- 
national Conforonco on magnetism— lfl04 Nottingham (U.K.) communicated on 8-2-64. 

*Pre86nt address— The Patent Office, Calcutta-17. 
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and perpendicular to the tetragonal axis of the ion (^ji and are reduced to —140 
and —120 cm ^ rcHpectively, from the free ion value of —180 cm~^ (Laporte, 
1928). The corresponding values of orbital reduction factors are K] = 0.92 
and — 0.98. Tlic cubic field coefficient Dc| is IW) un A, the tetragonal 
field separation of the excited level varies froiu 322 cm ^* at 90® K to 980 cm~^ 
at 300®K. 

The values of the parameters taken here are consistent with the paramag* 
netic resonance measurements (Bowers and Owen, 1953) and spectroscopic fine 
structure results (Ootk)n ef ah 1901). 

The anisotropic reduction in ^ is (1) due to an anisotropic overlap of the 
surrounding ligands .s- and /ecliarge clouds with the central f/-charge clouds 
(Bose ft al, 1900) and also (2) due to the 3rf 4p configurational interaction arising 
from the non-centrosymmetrv of the complex (Bose et aL 1904) The increase in 
A from 322 cm ^ at 90'^K to 980 cm^i at 300 ’K is due to the therinal expansion 
or relaxation effects of thc^ lattice. Details of the ex})orimental and theoretical 
results will be published shortly along with tliose on (/ 0 OS 2 CI 4 wliich have also 
been completed by us. 

TABLE 


Dq = 360 cm' 


r-:= — 140 cm ^ 

120 cm-'. K,, -c 

0.02, Kx = 0.08 





y.oro field 

Tomf) "K 

cm-i 


f/ valuer 

splitting 

(•m~i 

.300 K 

980 

21.84 
(21 81) 

1 .55 

(i.r,6) 


200° 

630 

21. IB 
(21.26) 

1.73 

(1.72) 


90 K 

322 

ID.OB 

(20. (to) 

2.34 7 -2.30 

(2. 32 4 -. 04) 
(2.34) 7 . 

(2.27 4 - ,04) 

8.5 

(9.0) 


Valuos in paniiithcses un^ th(5 experimental v^ahics. 
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A NOTE ON THE HYDROGEN BONDING IN ISOMERIC 
AMINOPYRIDINES IN RELATION TO THEIR BASICITIES 

K. C. MEDHr and G. S. KASTHA 

OpTK'.S J )KPARTMKNrT, INDIAN As.SOriATION POK THE CdlTIVA'J’TON OF SfTENCE, 

(ULCLrTirA-32 
{Ttiircived Auriust 3 , 19 ( 54 ) 

ABSTRACT. I ln‘ infrnrt'd iilisorptioii spoctm diK* to lumiAmojituI M H slrotchiii^ 
vilimlious ol’ 2*. 3- utkI 4*jnniiio])vn(lirios iii. <liffcTt‘ut (‘iiv iroruuc'iits I)ha(‘ Ix'on stiidiod and 
tb(‘ fr(*(pioiu*i(‘'^ of tlu‘ syniiiudnc and nsyininolric' X-H .stn-Udiin^^ \iI)mtioiis of tlw'so com- 
jxjunds in \('r\ ddiilo ‘^olntions in Lave hoen (‘oiiipart'd \vi(h thoso of uniliur m solution 

in 1 ho sainr ‘<ol\’on1 It Inis hcon ohs»‘r\od that IIk' total soUiMit sliifts in tlir X -H strotching 
vihrationiil fnMjuo nn’os of au\ oC tin* aiuinoj)yridin‘'^ in solulioiis in diffonMit solvents uro 
JinearJy relntod to those of Mniline in sohitions in llie eori‘<‘S])ondiRg solvi'iits. Tlu* signifu-unoe 
of the o])S(>r\o!l Imeiirit} and of the .slopes ol t h(‘ straight line graphs in ndat ion to tlio 
hydrogen hointnig oaiiivil y and tlie hasimties of the moloeiiles of the nmino])yridines has heeii 
diseuftsed. 

1 X T 11 013 1’ (’TlOX 


Fi'din a study of the infrared al>Korp(.i(»n lainds due fu X-H stretching vibra- 
tions of aniline and some sultsi itated anilines, it has boon shown (Mciillii and 
Kastha, IIKIIl) tliat tlie ratios of tlie total oHa'iit shifts, due to hydrogoi bonding, 
in the fr(‘((uenei(‘s of symuietrie and asyminetrie streteliing viltrntions of tho N-H 
bonds in th(> XHl.. group in the nioleeule of any of tliese eonipounds in solutions in 
different solvents to tlios(^ of aniline in solutions in tlu' eoxTesi)onding solvents 
are. aliuo-t eonslant vliieli is iiidepemleiit of the nature of tho solvents. Tt Avas 
also shown that the <-onstant values of these ratios, which are resjxeetively greater 
or less than unity for compounds with eleetruiiegative or eleeti'opositivo substi- 
tuents, bear an xilmost limuir relationship A\ith tho pA'^-vahies oi the various 
plK'iivl amines and that they inav be regarded as a mi^asuro of the preton donating 
pou tw of these compounds with irspeet to aniline. 1 n a subsequent paper (Kastha 
and Medhi. 1!)«3) it was pointed out that in the series of phenyl amines investi- 
gated, under certain assumptions, the value of this constant for a particular com- 
pound is approximately exiual to the ratio of tho total charge on the mtrogtm 
atom of thi^ NHo gronji in aniline moloenlc to that on the X-atmn m a mo ecu e 


of the eonipound. 

All these considerations apply to tho case ef aniline and its derivatives wkwo 
the basic character of any of those lanupounds is due to the N-atom of the K , 
group external to the la™ nucleus of its molecule. In order to se<- how far 
the conclusions mentioned in the previous paragraph are vahd when the beiuone 
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ring in tlie nioli’cnlo of an aniino-tMHnpound oontains a nucloar N-atoni in addi- 
tion to the external NHo group tlu‘ infrared aljsorption bands due to fundamental 
N-H stridehing vibrations of tbt^ tlirc^e isoinerie ajuiiiopyj'irliues in diffenmt states 
and also in dilute solut ions in a large luiniber of polar and non-polar solvents have 
been investigated. Tli(‘. results obtaiiUMl iiav(^ been disi ussed in tlu' following 
paragraphs. 

J] X l» E H 1 M K N T A L 

Th(*-sain])les of 2-. l\- and 4-aminopyridmes’s\(‘resuj)plied by Light and C^nnpany 
of England, and these \\ev<‘ puritierl b\' rep(‘at<‘d fraetionat ion under r(‘du(*ed ])res- 
sure. The sample of auiliiu us(^d was of E. Merck's (}. IL (jualitv. TJie solvents 
were of chemically pure* (piality which uere puriti(‘d and drit'<l by standai-d methods. 

The infran'd abs<»r[)tion speetre, <»f all th(‘ co/iipounds in tin* rt^gion of funda- 
mental N-H stretching vibrations in diffenuit states and in V(‘rv dilute^ solutions 
in the various solv(‘nts uerc* l’(^•oJ•d(‘ I on a l‘(M kin-Elmor Model :M spcM'troplioto- 
mettw with Na(d opti<\s. The standard atiuospluum* water vaj)our banfl at .‘>74(1 
eiii“^ and th(‘ bands due to N-H stndching vibrations of anilim‘. in very dihit(^ 
solution in OCl, were used to cluu-k tlu^ calibration ot tbe instrunumt from time t<> 
time. 

II, E s r E 'r s A N 1) I) I s r s s i o \ 

Th(‘ fre({uencies of th(‘ abso» [)tion bands dm‘ to symmetric (Vj^) and as\ mj)U‘- 
tric(Va)N-H stret(‘hing vibrations in the ()ure aminojjyridines and als(» in their solu- 
tions in differ(‘nt solvents an* gi\(*n in Table I in w hich arc also includ(‘d for com- 
parison the N H str(‘tching vibrathmal J‘rc(jU(‘ncies of aniline in solutions in the* 
sanu^ solvc^nts. Thest' fitapK^ncies of aniliiK' in solutions in carbon disnlplude. 
benzene, acetoTiitrile, nitrom<*tham* anddicKxam* ha\ b(‘i*n r(‘cord(‘d in the ju'esent 
investigation, while* the n*maining on(*s an* taken from data repoited eariit‘r 
(Medhi and Kastlia, LMili). 'fhe total solv(‘nt shifts (Av/ Av^ I AVf*)in tiu* N-H 
stretcdiing vibrational freijueiu'ies of the isom<‘ric aminopyridincs and aniline in 
different environments hav<* be(‘n tabulated iti Tabic II. Tin* -valm* of ani- 
line taken frojuWbetseVs pap(‘r (10(31) and those* of tb<* aminopyridines determined 
experimentally by Albert al. {104S) an* inelud(‘d in both Tat)l('s ! and II. 

It is seen from Tabk* I tiiat tin* symmetric and asymmetin* N-H stret(*hing 
vibrational fnapicneies of 2-aniini)i)yridin(i in solution in are almost identical 
with those of 4-aminopyridin<‘ in solution in the same solvent, while these frecjiun- 
eics of 3-aminox)yri(line in (XI4 soliition are smaller than those of either of the 
two compounds. Both the frequencies of 2- and 4- aminopyridines in CCI4 solu- 
tion are much higher than those of aniline in solution iji the same solvent, but in 
the case of solution of 3-aminopyridine in CCI4, these frcujuencies, though slightly 
higher, are very nearly the same as those of aniline. The higher values of these 
frequencies in the aminopyridines are to he oxp(.>cted, because the luudear N-atom 
in the molecule of any of those compounds isinore electron attracting than a corres- 
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jKmding O—TT group in the* inoL'cnl^* of anilino. Tlu' oonso(jupnt largc'f migration 
(>f ohargo frojn tlio NFf 2 group to tlip ring would enlianco tlu‘ strotcliing vibrational 
fro(]uonoi(‘s of tiH‘ N — H bonds. 

Tbp almost (njiialily in tin* friHpK^ndps of N — K strotching vibrations in the 
molt'culos of 2-and 4-aminopyridin(‘s sngg(‘sts that tlu^ valiums of tlie excess charges 
on the- N— atoms in the 2-position and in tlit‘ 4-])osition of the benzcaio I’ing with 
respect to the NKo gi‘oup ari^ almost e<jnnl wliili* the higlu'r values of tliese fre- 
(jueneies in <-om])arison to those of iuiilin<‘ would indicate* that magnitude of this 
(‘Xe(‘ss eharge is appnM-ialde* in ])oth tlu* mol<Mul(*s. 

TABLE I 


N-ff str(‘tehin 

ii fr(M|U(‘iu*ieK 

v.v and 

V,; in (*in • 


( V)iu])<unt<l and 

l^-ainino 

.‘(-.UlllllO 

4-amuio 


/'Cv„ 

pv ridiue 

pyi idiiK* 

))Vridine 

Anil UK* 

Solvent 

() Si; 

.7 OS 

0.17 

4 - OS 

( ^irl)oii 

:u2o 


.3422 

3102 

i el nn'hloride 

.•{.“lOS 

34SO 

3.70S 

.3170 

J^en/c'IU' 


330.7 


.3303 


am:) 

340.7 


3100 

( jarlioii 




.3304 

disulphide 

3402 



3170 

( dilorotoi'iH 

:;4 1 7 

3 40<; 

3424 

330S 


aoop 

31SI 

3.721 

.3100 

Aec'toiiit I’ile 

3400 

33S7 


3:$s(» 


,34S3 

34.70 

3 ISO 

3457 

Xitn iinetliuue 

3410 

.3400 

3410 

3303 


3.702 

34 0.7 

3.701; 

3405 

AeotoTu* 

3300 

33S0 

33sr> 

33SO 


3172 

34 1 1 

341)2 

34.70 

Fdhca* 

33SO 

3370 

3370 

3371) 


:uii 1 

344S 

341S 

34 4S 

]>ioxiiiie • 

3373 

33 so 

33S4 

33S0 


3404 

3112 

34.72 

3151 

'Petra liydrofiiraii 

3370 

3377 

33S3 

3304 


34.73 

3437 

3112 

,343S 

Pyridine 

3340 

33.72 

3300 

.3340 


3400 

3450 

3450 

3430 


. _ 

. — 

— 

“ — 

Pure 

3330 

3340 


3300 

liquid 

34,7.7 

3430 


3120 

Pure 

33 M» 

331.7 

3310 


solid 

31.72 

330 J 

3 445 
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TABLE II 

Total solvent shift in N-H stretching frequencies 
Av^ = cm"^ 


Compound ancJ 

pKa 

Solvent 

2-amino 

pyridine 

0.80 

3-amino 

pyridine 

5.98 

4 -amino 
pyridine 
9.17 

Aniline 

4.08 

Bonzcuo 

20 

25 

— 

19 

Carbon di<;ulplu<le 

27 

— — 


14 

Cldoroform 

2 

~2 

—0 

20 

Acetonitrile 

45 

42 

32 

41 

Nitromethane 

10 

18 

5 

29 

Acetone 

60 

55 

83 

48 

Ether 

84 

61 

103 

54 

Dioxan© 

91 

03 

94 

47 

Totrahy d I’ofuran 

105 

71 

105 

70 

Pyridine 

128 

83 

102 

108 

Pure liquid 

143 

115 


98 

Pur© solid 

100 

179 

100 



Similar arguments in the case of S-aniinopyridine would show that the excess 
TT-electron dciiisity on the nuclear N-atom is very small. Thesc’i conclusions are 
in agreement with the calculations of Longuet-Higgin's (1950) who showed that 
the values of excess Tr-elecjtron demsity on the nuclear N-atf)ms in 2- and 4-amino- 
pyridincs arc equal while that in the case of 3-aminopyridino is zero, 
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It in Keen from Tabl(^ I that in tlio rase of all th(' isomcrie aniin(7p\ ridines 
tho froqueneios of both the N-H stretehing vibrations in diffcTent euvironineiits 
are less than those observed for eaeh f)f the eoiiipoiinds in solution in CCI4. In 
order to find out whether the toial solvent sliifts (Avd ol tht* tinun* isonu'ric amino- 
pyridiiH^s in solutions in diflereni solv(‘nts show Mny corrvspotKh'Uci' v ith tlios(‘ 
of aniline in solutions in the same series oi solvents (Tahl(‘ 11), as obs(TV(».d ]>r(‘- 
viously in th(^ ease of (jther substitutcsl aniiin(‘S (McMihi and Kastha, Ibbll). the 
values of for i^aeh of the nu pounds ha\ e been plotted against tlu‘ (‘orresjxmd- 
ing Av^ valiu's of anilines in Figs, la, b aiKl c. 

It ean l)e s(‘en from tlie figures that the plots for all the three isomeric amime 
pvridines ar(‘ straiglit lim\s Avith diffi‘re»it slo])es for ditha'ent comjxumds. Jn 
th(‘ ease of •l-amino])yrirline, ho\\ t‘ver. the points are wid(*ly scatl(‘red about tlu^ 
nK‘au straight line and the value of th<‘ slope is iu>t so cerlaiu as in the case of tlu^ 
other two compounds. 

From this almost linear ndation it may lx concluded that tlu^ nux hanism 
of hydrog(Ui bond formation in tlie ease of all tlie am iiK)])yri( lines in different 
(uivironments is similar to that occuring in tin* cas(‘ oi anilinc und(‘r th<‘ same condi- 
tions. 

Tlu* ]in(‘ar relation that has lieeii .shown to (^xist Ixdween sIojh'S of th<" 
straight lin<‘S for tin* varitnis plienyl ainim^s and tlH'ir alm^s (Mi'dhi and 


Fig. 1. 


E 



Plot of total 8olvoi\t sViifts in <*m i of the 

of aniline (a) 2.Aininopyridiae. (b) S-Ainiuopyridino. 


(•Ollipomuls HgHlll'^t tboso 
(c) 4-Aininoi-)yvxliuo. 
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Fig. 1 . (c) 

Kat'tha, 1963) has been used in the eaw^of the amine )pyridinoK to obtain thepK„- 
values of these eompounds l)y interpolation from the slopes of the straight linos 
in Pigs, la, b and e. Tiiese values are given in Table IIF. The experimental 
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\alu’S oi pK^ tor theso oo/iipouiids (Albert <‘t al., ID-tiS) are also included in the 
Table for eoin[)arison 


TABLK 111 


dompouiid 

Ini <‘rpt)lHl ('d Kxpt'riiiuHit <il 


J)/\„.Vivlui‘ 



J.l 

i),m 

JJ-aininopyridnn* 

4 K 

5 IIS 

i-HiuiuopyridiiK' 

3.0 

9 17 


The interpolated p/v^-valiies are found to la* smaller than the (‘xperiniental 
pA’jj-valiies. This may ij',dical(‘ t hat tla^ tu o diffen'iit values of basicity have th(»ir 
origins in diderent mechanisms In the aniino])yri(lines ami similar N-hetero- 
eyelie amines the ha.deitit'S of the compounds arise fi'oni the niiel(>ar l^-atoms 
in their moleeides (boiiguet-Hitrgins. I‘,)5(l). However, in the ease of aniliiK^ and 
its derival i\es the M-atom it. thi' Nll.^ group of tlu' molecules is responsible for 
their basiiities. In the uioh'cidt <'f the j)henyl amiiK's tlui charge on tlu' N- 
atom of the NH,^ grou() directly determim'S both the pA'„-value and the Ccapacity 
for Ibrniation of hydrogen bonds (c.f. Kastha and Medhi, HIbll). But in tlu^ case 
of the aminopvridnies the excess /r-thetron density on the nuclt'ar N-atom in tlu* 
imheules of the compounds is resjxmsihle for their p/v^-vahies while the strength 
of the hvdrogeii bridges Ibrnu'd by the jiiolci-ules of these compounds in different 
environments is goi (Tiled by tlie chargi' on th(‘ Ai-atoin of the amino-gn uj). 
Th('S(' facts may exnlain the diffeivnce ludwecn the interpolated pA’„-values and 
the exjierimental pA„-values in the cas- of the aminoiiyridines. 

1! K F E It E X (' E S 

All)erl. A . (lolilaere. li, ii.u<l I’hilbps. -1.. I!H8. J. dln'iit. Sor.. 22t(». 

KiiKtlm, (1 S. luid Media, K liKi’b //"/. ,/. /V/;/.s.. 37, r)0S. 

Jaiiiguct-Higgiris, H. lOad, •/. ('hcni. Plujx.. 18, 

iMwIhi, K, ('. uiid Kistlai, (5. S., liK)3, /m/. /. P/o/^■., 37, 139 : 276. 

Whctsi'l, K* B., I9()l. Sjx’cii'ocliiin. Acta, 17, (111. 
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STABILITY OF A GRAVITATING FLUID LAYER OF 
UNIFORM THICKNESS IN THE PRESENCE OF 
CORIOLIS FORCE AND A MAGNETIC FIELD 
M. B. (^HAKBABORTY 

J)KPAirrMKNT OF Applikd MathExMattcs, Indian Institute of StTENi’E, Bangalohk L*? 

[Rccvircd Dvccnihcr 7 , 

ABSTRACT. TIk' stahilil y of a llui«l layor of liiiile thiakiK'ss in iho pmsoiU'O 

of ti rna"!U*ti<‘ and a Coriolis forre js stndital by IIh' uso of llir normal niodo matliod. Tlio 
pn'viotis rosults olilaiucd by O^Miirsyan aro dcrixod from tlio ^^(MK'ral rosiilt of llu' proKouf 
caso. It is l(.uud that smtahly bi^h wilnos of ampdar \olocily of rotation cun stabilize tla^ 
fluid la>er complt‘lLd\ for tla* symm(‘lric perturbations in tla‘ absiaicc of the magnetic fiidd. 
But the pri'SciKM* of tll(^ magnetic Held has a destabili/ing infliKMici*. 

I N T H O DU CriO N" 

Safnuiov (UM30) lias poiiitcMl out the importancti of the study <d' gravitational 
and magneto-grativational stability of fluid laytTs of finitt* thi(‘kn(\ss in the astro- 
nomical eont(‘xt. OgaiK'syan (I9()l) has recently studi<‘d the gravitational 
and magnetogravitatioual stability of a fluid layer of intinit(‘ extension but of 
finite thiekness. He takes tlH‘ (*onduetivity of tlie Iluid as infinite. In the ])restuit 
paper \\i^ liav(^ studied tin* corresponding problem in th(‘ pn^senee of a (^iriolis 
for(*e arising due to tlu' rotation of the fluid layer uniformly about an axis \\hi(*h 
is normal to the plane of the fluid surface in (upiilibrium. 

Our conclusion is that rotation affects, in a very important. Avay. the stability 
(TitcTion in th(' absence of a magnetic fiedd. We find that for the angular vtdoeity 
<»f rotath.n and for the (hmsitv appropriate for our galaxy, rotation can staUilizi^ 
fully the fluid layiT. 

But the ]uagneti(‘ field is able to supjiress this effect of rotation and it appears 
that stability criterion is unaffeeU^d by rotation in tliis easi^. 

Wo employ tlu^ normal mode method in contrast with the energy method 
used by Ogamvsyan (19f>I). Oganesyan’s all rtssults follow as particular 
easofe of our general result, 

HAS I 0 KQ IJATI 0 N S 

The basic, equations in the steady ease holding in the infinitely conducting 
fluid layer are th(^ following. 

+V-vV-t-2 (2 X Vf n x(^ Xr)j= -VP+/i curl//xf/— /oyc, ... (1) 
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div V 0, ... (2) 

'’^.-cml(Kx//), ... (3) 

(liv // - (», ... (4) 

V-*t' ^nGp. ... (5) 


In tlie alHivo we iiavc lined the M.K.S. system ot imits. The symbols Q, 
IJ and re])r(*sents tlie aiijjrular velocity of rotation ot t fluid layer, the gravi- 
tational potential and tlu* iiniver, al gravitatiomd constant. Th< otlua* symbols 
have the usual nu mailings. 

We shall tak<‘ ii to b(‘ along tli(‘ >axis. iluid layer in steady slate is 

(KUifined w ithin the plani*s - \ h. 'Ih beini£ tb(‘ thickm^ss (d tiu' layi‘r. 

Till* eijuations liolding in the surrounding non-conducting fluid, which is also 
assumed to rotating in tin- steady stat<‘ with angular \(‘locity s>. are 


A,{ -i-VTV'-l-2a V i\ (a ■ r)| - V/' (<*) 

divV-O. ... (7) 

. url H (^) 

V-l' - (!>) 


wliere is thi‘ density of the mm-conducting fluid and I is the gravitational 
potential then*. 

The magnetic tiekl in the steady (e<iuilibrium) state is taki‘n to he uniform 
and along ,i;-axis. Jt is denoted i>y //„. 


For small perturbations about tlu^ equilibrium stall* we have, 
zation, the following ecpiatious. 

aftiT linvari- 

-1 2a X V) • V/' 1 /' Hn i>xU 

... (10) 

div- V - 0 

... (11) 

^ viirl (V\Ho) 

01 

... (O) 

div // = **' 

... (13) 

0, 

... (14) 
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liolcling in tho conducting fluid. Similar equations for small perturbations arc 
obtained from equations 0-1) w liich hold for the jum-iumducting fluid. 

Solafions of tha Perturbation Equations 

If q is any [Jiysical (piaiitity the perturbation in it is denoted by r/. We 
shall assume, in the further discussion, q to be of tlui forju 

(j ... (If)) 

wher(^ cr is tlu^ frtKjmuicy of oscillations and k and I are Ava\u‘. numbers in x and // 
directions. 

Solutions in the Conduct inq Fluid Layer 
Tlio equation (12) in view of (J I) gives 

H - ~v, ... (KJ) 

cr 

NN^hero 

|//ol 

Taking the curl of (10), and using (II), (15) and the c.onstancy of //„ and 
il ^^e have 



Aw -- '2il , 

Oz 

... (17) 

wher(5 

w ~ V 

... (IS) 

and 

pa- 

... (Ill) 

Using (11), Me hav^e from 

tlm 3-coinponont of (17) 



. _ \(Al-2iik) 

^ 2nl-\-Ak 

... (20) 

In view of (11) and (20), v 

IV, have from (17), 




... (21) 

where 

^*+40* 

... (22) 
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wo cont'uicr poriurt)at,ions syiiunotrical about c 0 jjaue. (lori.sideritig the 

distribution ot aixuit z = 0, it is clear that is an odd tiinctious of z. Using 
the above result wo have from (11), (20) and (21) 

v,j, — (J eosli mz 


'' 2aA-l , 

12a?!.4A} 


... (23) 


nf\2iil-]Ak\ 


'vvlirti (J is ail arbitrary constant. 

From tlic symnietrv of th(‘ configuration \vc have the (‘oriflilion 
e 0 at z — (t. Tn view of this condition vc have fr<ini (1-1) 


jj (!' cosh (A' I 


iSiinilarlv, «c can ('usily find 


V = Wf- n/<- I 


The vc'locity components for tlie non-c* nducl ing flnifl are 


r, - <\v 


-ini-) I 

212/ j /crA y 


fr{ A- ! I 

/frA) J 


where 6', is an arbitrary constant and 


(r‘W ' 1-) 

(T-- 


... (27) 


From tlie ecpiations for the ix'i'tnrbations it is clear that 11 is ghen b\ 


H ^ grad <p , = 'h 

in the non-conducting fluid. In view of (15) u c have 

Le- 


... (28) 


(29) 
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Boundary Condilions and ilia Dhjwrsion lielatlons 

If A | ... (30) 

is tli(' (equation of tho nppor int(TfiX(*(^ hotwc'ou the foialuoting and iho noncondiKifc- 
ing fluids, tlio ]HU’lnrbation n in unit nonuai is givou by 

n (Ikdz, IISz, (3]) 

Tho gravitational potontial satisfies tlio following boundary oonditions at tho 
intoi’f'aoo of th(‘ two fluids : 

(i) Ckuitinuity of tho gravitational potontial; 

(ii) (continuity of tho normal coiniKuiont of tho ma-di(‘nt of tlu' gravitational 
potentials. 

Tho pcTturbations in tho gravitational pobmtials, satisfying tiu' abovo 
boiiiulary oonditions aro 


p 47r/(/(/>— (/O <*<»Hh (A- 1-/^)^^’ 
rr(F ! 

I 

fr ^ 47ri(dp (^0 ^‘nsh (F 

(t(A 2 I rv' /•-+/*// 


(32) 


Tho other boundary oonditions ro<|nir(‘d may bo writton as follow s (of. Kruskal 
and Soliwarzohild, I hoi). 

-n V n \B\ -/W* ... (33,44) 

n-|B] d. j*xB-“-nr/>] ^ d. ... (35,30) 

In tho above n is tho unit normal vector ((linndc^d in tho (;onduoting fluid) of 
surfao(‘. ]) anfl V Hn’ ])rossuro and volooity on tin* interface. The* braok(‘ts 
demote the jump in tho oiiolosed quantitie^s u}M)n (crossing tlu^ interface froju the 
mm-ooridiK'ting to tho (ronduoting fluid. B elomdos tlu^ arithmetic moan of tho 
magnetic indiu^tion just on each side of the interface. 

A 

The condition (35), in view (^f (33), implies 0, in the nommiiduoting 

fluid, Heno(* (28) and (2h) show that the perturbations in tlu^ magneth? field 
vanish in tlui non-conducting fluid. 


Tho boundary conditions satisfied by tho perturbations are obtained from 

A 

33-36 in tlie usual manner by linearization. Eliminating j* witli tho help of 
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(34), M'e find that tlic .r- and //-coniiH.ncnts of (3(i) an^ id.^itically satisfied. The 
^•oonijionent finally fjivos tlie disjiersion relation 

L(r(A;“ f /^)^{|+tanli (/-J ' J 

‘•"'■(■V'''-'’'' '* V'-i ! '' I-' ' -« '■> 1 

W. L 20/1 .I/- J 


iiir-ic \ 
(T J 


(►. 


(37) 


7) TSOUSSToic 

W«‘ sliall first discuss (Ik dis|»(‘rsion relation in sjiecial casc.s t)cfor(' considi'r- 
in^j^ it ill tb(‘ gi^n(‘r“ai casiv 


Case T. 


n - A, — 0, // 0. 


Tn lliis i im\ in the al>s(‘n((‘ of rotation, niaj^ra^tic* fu'ld and oiitsido niattor, 
tlio (lis])(*rHion nOation (IH) nnlucos to 


Andph 


I 




' \ • /- lanli \/A"- t 1 -h — - rr^. ... (3s) 

This is th(^ result obtained by Otranesyan (HH)l). FT(‘ finds that th(‘ layer is 
unstalih' for all Maves for ANhieh ^ 7---f /- A < r/^, — 0.04 and it is stablc^vlien 
x'WT^h > (J,, - OdU. 

(\tse IF. ii - 0. - 0. 

In this eas(‘. in tlu‘ absiniee of rolation and outside lliiid, the disjxTsion ndation 
reduces to 


477f.V;.v k-^ f r- h Um]i(s 'k- ■ k) , ' - i 

' ■ M //(/-M /") ll-rtanli |-f2/,[j 

,,mF- I 


1 


‘ h '/ - ! /- tanli >> J 

This nvsiilt lias been oblaine<l hy Oganesyan (HN)!). 
(\ise ITT. A, - 0, II — 0. 

The disjiersion relation reduces to 


(T“ . 


m 


/-\J i-tanh (A--i-/“)- h)\ 


•iinCpVi 
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- ./F-f /nan fr2)l ^0. ... (40) 

By investigating the natun^ of (x in tin* di.^persloii i^'lation (40), it is possn)lo 
to show that there hility it 

' -I 1 h-\k^- I /2) < 1, 

and instability if tlu^ h'ft hand si<l<‘ of tl)(‘ inecpiality is greater than unity (see 
tlie Appendix). Thus tlu* ^ rilit'a] value' of //\/^“-[ /- at whieh instability sots 
in is givtai by tlu' e(|uati()n 

--1 1 //2(F-| V-) - 1. ... (41) 

- - I /‘b'l ! ianh (F i l^fh] J 

W(' also note that the dispersion redatioii (40) redne(‘S to (41) as rr— >0. i.(‘. the ])rin- 
ci])le of exeliang(' of stability holds good (ef. (Iiandrasc'kluir 1052). 

W(‘ have' e-oniput(‘d the xalue* eif 



h\'k'^ \ n\\ \ tanh(/-2 |-/‘•2)•/d 



P) 


feu* different value's of // 1 find that this luis tbi! niaxiniuiu value tl.MI) 

at //(/’--I /-)-• - O.Ib). Thus thele'ft hand sielee)f( 4 l) is alway.' lesstban unity if 


1 

9:^ 0.143 


...(42) 


Hence if ( 42 ) is satisfuMl tlieve* is always stability. Witb Q ~ 10 pen- sec. ( 42 ) 
suggests that tor a density /> 10 giu/e:e- the systeun is stable*. Tlu^ v^alu(*s of 

Q and p noted abeive* are* obtaineel in euir galaxy (riiandrasckhar, 1055 ). 

It may be^ neded that the result. ( 42 ) is independent of tlu^ thi(*kn(^ss // e)f the 
fluiel layea*, and thus valid for all values e>f //. 

(-asp IV. — 0 . 

In thi.' case*, wlu'n rr— > 0 , tlu* elispeTsiem rolatiem re>duc('.s tej 

47 r 6 '/ 5 V^*- /'/»)'< 1 1 - ’ 

'■ VF \-l%{] ftaiili (F-l 

j /ikVi^n^ 

■^BTPhi&nh (hx/k^P) 

where 

H 

rf=. . . 

47r\/Gph 


... ( 43 ) 

... ( 44 ) 
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I’he iKiuation (43) is tlio stmie as that ohtaincd by Ogaiu'syan ( I !)(> 1 ) in tlic ahsciico 
of rotation for the (Titiual vjihu*s of tlie Avav(‘ innnl)i*rs at Avliicli iiistabiJity sots 

in. On exajiiining tlu* dispersion redatioji (.‘H) i*or valiu\s of If and kh 

which arc in a small noiglihourhood of (^1,^/0 ) wIkm'c yVr ] /- h ^ f/,^ and kh — (j.y 
ar(‘ roots of it is cl(‘ar that mo tan lind j /-A ai)d klf for M'hich thro is 

instability whatever bo the values of p and Q . Thus tlie magiuitic li(^ld has a 
destabili/.ing (dlect. 


A V r K X 1) 1 X 

Wo sliall briefly ])rov(i that tlu* princii)le «)f IIk^ (‘\cluiiiu5(‘ of stability holds in 
ease III, i.i^ (T i) gives tlic^ critical \\av(‘^-l(‘ngt])s at M'hicli instability se ts in. 

L(;t 


(T 

\/412- 


X 


TJie!i tbe disp(rsi(Mi relation in cas(‘ Iff rednees to 


dndf)^ 

l -i-tanli(A!- I r-)^/d, 


/sin (-x I l-hX) 


dnf IfP/f 1 , s ( I \ 7i ’“ -\-(- 

A'p <*os ( \/A’^ j /- hX). 


(A-1) 


,Let I .V| — H bt‘. larg(^ so that R is the /<-th root (d‘cos(v7r“ l /- hX) d Miiere 
ft is large, note that for | X j R, 


I <*os (\^k''^ 1 /“//A ) I an<l | sin 


exeej)t ni^ar A - J li, ^\\mv 


(v'k- ! /“ //A)l are of tlie saiiK* order of magnitude, 

sin ( V ; /"AA^ tends to an indefinitely larg(^ 
cos ( \/ A’“ i l*hX) 


quantity as Huiu-o l.y Jhmcirs ihuomii tluM-quation (A-l) has the 

saiuo nuiuhor ol roots within | X \ — B as tlie ecpiatioii 


(I xX-)\/t!^-rl''^ •‘’in I- /'A) - (». 

Now', X = (I is a nsit of both (A- 1 ) aiul ( A-2). Arriting (A- J ) as 
r 4nG/>‘\ 1 


X tan (//-•■•= I - I A. > - 

Mi-p '' 

wo ,lmw tUo groph. of tl,o right »hlf »« "oH « '-H ('’•■‘I “H"''.'"’ 

real positivo vohio* »t X. (The wpiali.m (rl-i) or (Agl) h»i og.ial ami oppoaito 

roohinpaira). It io rloar that , «r...po„(lii.g t,. tho « rooU. of o.« (r/f+i* hX) 
= 0 witliin tho oirclo | A'i = ii there are .. vortimrl aaymptoto. of the g»ph of 
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the left liand side of (A-3) arul tlieni M ill lx* w — I intersections of the graph of 
the left hand side with that of the riglit hand side between X = and 
X — //„ wheie |1^ and are tiu' iirst and tlie a-th roots of 


eos (\'K--\ f- hX) -- (». 



\-P I 


TJuis A" -- 0 and // — I other rootf< ludaveeii A - //, and X for (A-Ii) 

are locatiMl corresponding to i\\v n roots of siji (\/k“ j-/- hX) — 0 hetAveen A — t) 
and A — But tln^ roots of (AAi) tliat corr(‘sj)ond to tl)e roots A"^ - - of 
(A~2) an* still to he accounted for. 

(Considering tlie groAvtli rates of tlie 1(‘ft hand sid(‘ and tlie right hand side 
of (x\-3) het'Aveen A" - {) and X - //j it can lx* sIioant) that thert^ is on(‘ root betAveen 
A — t) and X ~ Avheii 


ot - 




/i(P-\ lanh 


lie between d and J. 


If a > I, tluai tlKT(‘ is no root (r(‘al) bi'twecai A" d and A - //j. Iri this 
ease only possibility is tliat there will Ih^ a coinpl(‘X or a ])urely imaginary root 
A = iX^ (with real A'|), such tluit 

J - A^. 

Jf a * d, there is a r<»ot A - iX^^ such that A, ' I. 

Froi)i tlie r(‘lation , ^ - A, it is clear that wlaai >x I, rr is (‘itlKO’ 

VW-cr'^ 

imaginary or eoinplex. From (A-l), it is el(‘ar that tlu^ disptTsion reflation is ev(‘n 
in A and a. Htmce equal and ojiposite roots rr occur in pairs. Tims ijuaginary 
or complex a indieat(^s instability. 
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LOW ENERGY NUCLEAR BURSTS OF COSMIC RAYS 

AT SEA LEVEL 

S. 11. GANGULY and S. U. CHATTEIUEE 

I^EPAUTMEN^T OF PlIYSK’S, .JaIDVVHTB ITmVEJlSlTY, (UlCUTTA-32 

(Eeceioed Sepfcmher J(i, 19B4) 


Plato X 


ABSTRACT. nru^uivni-Mit, of .-osini.- r.iy hurst in a Lhm-wallod uiishioldcul ioniza- 
tion ch.nnlx'r at ( al' iithi (sfw lovul) is <U*s'‘nh<M). Bursts dun to nu-Inar iiilnrartious aro iso- 
latoil Iroiu thosn dun to riirsliovvc'rs hy (.‘oimtei noiiu*id(Mic(* niniliod. Tlin iutn^ral sizo- 
frofiunu-y (listrihuliou of tuu'ln.ir luirsts is found in }),. (-apahln of bniiiy ivprnsnntnd Iiy a 
pownr law with c"vp Minu(. — ,‘{.4. 


14i( 5 nu'Myv -d :in iu'-idfuit part min inititdiug a luu-lnar liur^t of a givnii sr/.(> is uvalu.itnd 
with llin ludp of tlu‘ rnsnlts oI (Minrgy JiVNisurnriionts of s(ai prongs lu ph )togt\ipliic ornuhduu 
hy otlu’i* workni'-, I Im r'ji'M’gv spis-triun of nosmic i* nu'‘lnar-fii“tivo parlinf's proflu' iiig 
bursts at sna l-‘\'<4 is tluui (*otmtrii(*t('d and it r; found that tins can hn n'prnsoutnd hv an nui. 
piriral relation .is: N(E) - 240.K' within the energy -rango investigatod viz., 
from 50 Mov to about I licv. 


1 N T R O B U 0 T ION 

Exporiiut'iits on IntisU in nnshitddod ionization ehainhors ))y various workers 
viz. MoiilgonuTV and Montgioinerv (1941)), Carniiebael (194S), (1955) and Bridge, 
llazen, lUissi and W'illiatns (19RS) have estahJished that siieli hursts are caused 
by two std>araie proeesst's. i) exttnisive air showiu’s and ii) niadear iid-inaeiions 
oeeuiTintr in tla^ wall or in tli(‘ ^as of the ehamber. Different iiudhofls hav(‘ 
been devised for isolating; the latter from the fornun*. Observation of bursts in 
uusliieldod ebainbtws offers a eouveiiient inelbod for studying tlie low energy 
(beloAV the emu'gy at whieli meson produetion b(a;omes im]>ortanl) nuclear 
interactions of cosmic rays with matter. This fiudhod lias, indt^cfl, Ik'imi utilised 
by many wurkta-s, e.g., ('oor (1951), Simpson ef nh (1951), Itossi (IhdS), Monto- 
goiiKTV it. ill, (1950), for the investigation of diverse* el laraet eristics sin h as the 
intensity variation with altitude and the absorjition mean tree path in air, tlio 
variation a\ ith latitude etc. of low ('uorgy iiueleouie* eomjioncnt of eosiiiie rays. 
The prt\sent experiment is designed to ev'aluatc the (Uierg^N disti'ibution of ('osmie* 
ray particles producing Imrsts in an unshielded chamber at sea Ie\eJ. 

E X P E R I M E N T A L A R R A N G EM E N T 

The apparatus consisted of a spherical ionization (hamlxM* madt* of steel, 
having a diaimder of 10 cm. and wall thickness 3.2 mm. The gasisuis volume of 
the chamber was 3.8 litres. Pun* Argon (99'^ ^ purit}’) was further purified l>y 
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passing it tliorugli a traj) ininiors(>(l in licpiid oxygen. TJio ehaniber was filled 
with the gas to a pressure of about 20 atmosphen^s. The particailars of our ioni- 
zation ehaniber are listed in Table [. 

The ehaiuber was us(mI as a puls(‘ ionization (^luuid)er employing positive- 
ion eolli^etion. Th(‘ out(‘r wall of the ehaniber was kojit at a high })ot('ntial of 
H loOO volts, while the e(uitral el<M‘trode was eonneeted to an oleetronieUu- tube. 
In our exp(‘rinu‘nt lv.(\A. aeorn tube* type 9o9 was used instead of th(5 (;onven- 
tional elect rouK 'ter IuIk* as suggi'sted by Nielson (1047). The grid-lt^ak of the 
tube uas 1 >;10^^ ohms. The elect-nmu'ter tube was followed by a d.(\ amplifier 
and a short ]>eriod galvanometm*. Tlu' traei* of the galvanonu'ter spot was nv 
corded photogra])hieally on a c<mtinuously moving Ito mm. cine film by nu'ans of 
a camera driv(‘n b^^ a synchivuious motor. The record was proj(*ct(ul on a gra- 
duati'd screi'n and the ]>ulse heights wen' measured. A diagram of the ionization 
chamber is shown in Fig. I and tlu' arrangcam'ut of the associat(‘d (‘(puifiments 
is shown schematii'ally in Fig. 2. 



r a t. TMC lONlgATlOM CHAMBER 


C33 POUYTMlNt 
■■ tsoNirt 


The ionization chamber was (‘alibrated by ajipjying a ( alibr -UFui pulse of 
known potential to tlu^ collecting electrode. Th(^ capacity t>f th(' chamber con- 
nected to the input ol the d.(',. amjilific'i* was measured with the help of a (piaflrant 
electrometer anfl a standarrl cajiacitor. These values enabk'd us to ('stimaU^ the 
burst size in t(*rms of the number of ion pairs pnxluced. 

In order to isolate bursts due to nuclear interactions from those due to air- 
showcjrs, the following method was employed. Two G -M counter trays, ea(;h 
consisting of two G-M counters connected in parallel were placed oii eitiier side 
of the ion chamber and in the sanui horizontal plane with it. Tiie separation 
between a counter tray anfl the chamber was ^ metro. A coincidence between 
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T' 1*"^ "■».'■» »'«» <'in,.I.iv,-,l h, if, A- a lamp, Thi. 

'•as also ms.nlod ' ‘ ‘”‘'*'''■'1''"“ "" "liaJl tlia Ealvan(j|iiM|.r Ira™ 

lla. ananarmct is Siam,. i„ Fip, o A palso i„ tlm i„„|. 



blfr, 2. 

f - ToTiizntioii oliambor 1^’ — Film 

K I 'lo iromrivr tubo S, S~-Sliow('r tijiy.s 

A -1). (\ umplifior (’ (’oincidoiifo cinmit 

U Galvaiu)moti‘r Lamp, 

zation clunnhrr coinculoiil Avitli a dot d\io to (*ouiit(‘r travs was n‘co<4nis(Ml as a 
blast pr()du(*o(l by air sliowor. A burst uuac-fompaiiiod by such a shuultauoous 
Kli(a\('r (lot A\as iaktui to bo a niicl(»ar burst Facsiinilos of rr^cord arc shown in 

Fig. S. 

RESULTS AND DISCUSSIONS 

(A) Size-frequ(>nci/ disinhntion of nudenr hursts 

The pulse height pc^rtaiiiiiig to a burst as nioasured by projecting the film 
on a soriHui was (^onvort(‘d to the cornvsiionding potential eliaiigo of the central 
electrode by comparing with tlio calibration pulse. From tlio change of potential 
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(F) of the central electrode, the total number of ion i)airH formed in the burst 
was obtained by the relation : 

Number of ion pairs ~ ^ , V*-; 

^ e e 

M'herc Q — the eharge eollectod by the central elect rode, 

C — tlio capac'itv of the chaiubor and its attaclnuonts, 
and e tlu^ eltudronic charge. 

The results of the measiironionts are represented liy th(^ integral size-frequenc^y 
distribution of luirsfs shown in Fig. 4. The frequency of all bursts largiw than a 
given size was jilotted as a function oi the size in (;urve A. Che frei|uencv of 



F»«. 4 IHTCCRAL SIZE - FHEQUCNCY DISTRIBUTION Of BURSTS, 

U1 Alc BORSTfi. CB> AlRSMOV»'CRS CO NUCLEAR BUftSTS^t 

bursts due to air show(U’s as obtained from tho coincidence between the chamber 
and the shower trays was plotted against burst size in curve /i, Tlie frequency 
of air showers was then subtracted from tho frequenijy of all bursts of tho same 
size so that tho remainder represented bursts due to nuclear interactions only. 
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The sizo-frcqii(‘iu\y distribution of luudoar Insrsts, so obtaiiUMl, is sIkami in 
ourvo C. This is also drawn separately in Kig. 5 (curve .1). 

The sizo-frcHjueucy eurva^ sIkavs that ihe fnMjiK'ucy distrilmtion of nuclear 
hursts can bo a|)proximatoly n‘pn\^’ent<Ml by a [XAver law of tlu^ form : 

... ( 2 ) 

wlioro N('>S) ropres(‘nts tlu^ numbf’sr (froqiaaicy) of ])iiists larger tliaii the given 
size 8, 


8 is the burst size in ion pairs, 

A is a constant, 

and the expoTient y has the value y 

This power law is seen to b(^ valid within the range of l^urst hvac from 8.< 10’’ to 



riG 5. S\tt FK-aueNCY OlSTRieutlON or NUCUEAP BURSTS. 

(B) MO^TOOMtll> CC>.CaRI-.CMAI. 


r4>- FRCSCnT AUTMCr* 
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3x 10^ ion pain^. For larger bursts, the frequon(*y tends to decrease very rapidly 
with size. 

Tn Fig. 5, are also plotted for <Hnnparison the si/A^-frequeney distribution 
(Hirves of bursts in unshielded chamber obtained by Montgonieiy and Montgomery 
(1949) (curve B) and by Charmichael and Steljcs (1955) (curve 0). Certain rele- 
vant details regarding the apparatus(\s used by them are lisb^d in Table T along 
with those of th(‘ })resent experiment. 


TABLE I 


Altitude 
.Author of OhstT* 

\ at ion 

Cliimhei' 

ry 

Dimeu- 

Mtum 

(octer dia) 

Chatnlxu* 

A^all 

Oas(‘Ous 

volunio 

qitres) 

Cla-s 

J^ressure 

(.\tm.) 

Mxponent 
of ]*ower 
law 

IMont^^oinery 

and 3.51Um 

Montgomery 

Cylindn- 

eal 

:v' 

1/32" 

brass 

1 

4.4 

Argon 

4.8 

-3.2 

Carmichael 

and Soa level 

Steljes 

Spherical 


I/IC" 

StPol 


50 


Pres<?nt 








authors ” 


8" 

1/8" 

3.S 


20 

3.4 




Steel 






Montgomery and Montgomery’s chamber was of smalh^r area and of smaller 
volume than ours. A change in thesc^ paranuders AV’^ouId probaldv sliift tlu5 (*urv(‘. 
vertically and laterally but the shape of tin* curv^e will not b(‘ {ilt(‘rrd. Ft is s<^(*n 
that Montgomery's distribution can be repres(^j)t(‘d by a p(mer law similar to 
equation (2) within a burst range from to 2 <lb^* i(m pairs with an (*\po- 

uojit y -Ib2, Tin* v^alue of y oldaiiu'd in the pn\sent ('xpin inunit is s(‘en to l)e 
in agriH'inent with that of MontgonKU’y and Montgomery. 

Curve (('), Fig. 5 was drawn by subtracting the frecpiency of air sliowcus 
from tlie corresponding frequency of all bursts from tlie data given in the pa))er 
of Carmichacd and Steljcs. It is setn that CWrniehaers frecpiency distribution 
cannot be represented by a power law for any considerable rang(' of burst size. 

(B) Emrgtj .Hjierinjim of the hursts 

A nuclear burst is produced when a niudear interaedion occurs between an 
incident cosmic ray nuclear-active particle (N-compoiumt) and a nucltnis of the 
chamV)er wall (»r of tlie chamber gas. The heavily hmizing parti<‘l(‘S released in 
the interaction prodiK^e the ionization pulse inside*, tlu^ gaseous volume of the 
chamber. The number of ion pairs produced in a burst is, thereforv, a of 

the kinetic en(*rgy of all the secondary ionizing particles of the interaction and this 
energy can be evaluatcul from the relation : 


E = o>.8 


...(3) 
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S iK tlic' size of tlu^ hurst in ion pairs, 

and f') is tluMnxTgy r<‘quir(‘(l to croaie an ion pair, wliich is 2r>.4 vv for Argon. 
(HntlKTtord, diadwiok and Ellis, 1930). 

lint tlitTc* ar(‘ both ( liargod and ncMitral particles (lu’utrons) among tin* sc(M)ndari(\s 
of tile interaction, and tlu* chamhcn* fails to record tli(‘si‘ neutrons. K(‘nc(' tlie 
(m(*rgy italculat(*d from relation (3) has to he corr(‘ct(Ml for the contrihution of 
neutrons to the* total kiiadlc (‘tun'gy of the particles (‘mitteti in the hurst j)roc(‘ss, 
which can l)t‘ don(‘ a[)proxinmlcIy in the following way. Most of thi' ionizing 
secondaries of the interaction arc* protons, as rc^vealed in the ohscTvation of 
cosmic ray stars in photographic (‘midsion. Also the* majority of mu-lear 
interactions occur within the* wall of tlie ohamher ratlu'r than wnthin its gaseous 
v^olunu*. We may, then, assume* the neut ron/[)rolon ratio among tlie c'mitted 
parti(‘l<‘s to he (‘(jual to l.lo corn*sponding to tin* ratio of lumtrons to protons in 
iron nnckms. The c*n(*rgy ohtain(‘d from (‘cjuation (3) is, tlu'rc'fon*. inultiplied l)y 
il.lo to get tin* the* total kinetic (‘iKTgy- release* in a hiii'st. The* n*siilting mnnher- 
(‘n(*rgy distribution is })lotl(‘rI in Fig. <>. 
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SiiK^o a nuclear burst is a process similar to that of formation of stars in 
photographic emulsion, wv may compare the results of tlie present experiment 
with the observation of (’osmic ray stars. Tlie number of heavy tracks in a star 
is a measurt* of tlu' onrr^y released in the pro(*<vss. Majority of the heavy tracks 
are du(^ to protons (Brovn nh 1949) and we may take tlu^ number of 
neutron/proton (‘inittcMl in a star to be ecpial to 1.3 eorrosponrling to the ratio of 
neutrons to ])F()tons in silv^er Ijiomide. Th(‘ number of heavy yu'ongs in a star is 
then multi])lied by 2.3 to ac(*ount for the missing nontrons. !N()w -vve may 
assume that fiverag<‘ kinetic emu-gy of a se(*ondary ])arti('l(' is 10 Mev (as 
obsei'ved from nu‘asurements of Brown fi ftl., the av(‘rag(^ kin(di(‘ energy of a 
diuise track is 10 M(‘v). Th(‘ total number of prongs in a star should then he 
further multiplied hy lU to obtain the energy-release m a star. The variation of 
number of stars with eiuTgy is deduced in the above way from tlie observations 
of cosmic ray stars at mountain altitudt^ by Page (1950) and by Brown ci ui. 
(1949). Tliese are also plott(Ml in Fig. 0. From Brown's data, we have negleeteil 
stars ac( ompanied by meson production (stars with thin tracks), in any ease 
the omission did n<»t a])pree!ably affeet the shape' of the distribution. Tt may 
be seen that the distributions obtained from the measurements of both the authors 
arc roughly in agreement w'ith that obtained from the burst measuromont of 



the present experiment, (‘xeept in the region of low j>iong number. Taking 
into consideration the fact that the two measurements (that of bursts and of 
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tars) wore taken at different altitudes and by completely different techniques, 
the agreement in Fig. (> pt^rhaps indic ates that our approximate method of eva- 
luating the kinetic en(*Tgy (cannot be very much in error. 

The burst energy shown in Fig. b gives the total kinc^tic energy of the secon- 
dary particles emitted in the nu(‘lear juoc^ess leading to a burst. But this is not 
the total (Uiergy that is transferred by the incident cosmic ray particle to the 
struck nuc.leus; because, in addition to the kinetic energy, binding energy has 
also to be supplied in the process of omission of a particle. Since there is no way 
of directly recording the iimnber of partic-les producing the ionization of a burst 
in an ionization chamber, we assume as we liavc done in case of stars in emulsion, 
that average kinetic energy (A') of a particle etnittol in a burst-process is 10 Mev. 
Then, the number of secondaries releascMl in a burst is E/lO, and assuming the 
binding energy per particle to be S Mev, we get the total energy (binding enorgy+ 
kinetie (aiergy) transfiTred in a burst to be eaual to l.SE. Variation of number 
of bursts w'ith tins total energy is shou n in Fig. 7. Assuming that the incident 
particle spends whole of its eiu^rgy in jiroducing the hurst, Fig. 7 may be taken 
to represent the differential em'rgy sp(‘(drum of tlic^ burst pro.lu(;ing radiation. 
Within the em^rgy-rangi* under investigation, viz., from 50 Mev to about 
J Bov, this en(‘rgy ,'*j)ectruni can be rcqiresented by a relation of the form ; 

N{E) W 


where N(E) is tlu‘ number of particles with energy 7i^M('v. 

hi this analysis W(‘ havt^ made two assum])tit)ns. Firstly, wo have assumed 
all the secondaries of a burst (or a star) process are protons. Actually, besides 
protons tlK'io will bo a-particlcs also. The ])r('sence of a-partic‘les may affect 
our calculations in t wo ways, (i) We have taken the kinetic, energy of all tlm n<‘u- 
trons to he 1 .In times the measured kinetic energy of all the secondaries. Strictly 
speaking, wc should have taken 1.1/5 times the kinetic energy of the protons only, 
(ii) We have assumed the binding energy of all the secondaries to be 8 Mev. This 
might hwl to an overestimate of tl.e total energy because the binding energy 
of a-partielea is of smaller value (about 4 Mev). Since a-particles constitute only 
a small fraction of the total numlier of secondaries (in Brown's measurements, 
the ratio of the number of a-particles to the total number of cliarged secondaries 
varies from 0.15 to a maximum of 0.3 only), the error involved is not perhaps 
serious. Secondly, we have taken the average kinetic energy of all secondani* 
to bo equal to 10 Mev. But, as Brown ef al. (1949) have showm. th(‘ average kinetic 
energy of a grey track is much greaWr than this; a grey track correy ,nds to a 
fast proton of Energy greater than 30 Mev. In a l>m.t, a fast 
corresponding to a grey track in stars Mill have a range larger ^ 
path length of a particle (13 cm.) inside the gaseous volume of the chamber. 
Because of its higL energy, the fast protons will have low specific ionization so 
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that only a small fraction of its energy will be spent in profliicing ionization inside 
the chamber gas which may not ho inii(;h different from 10 Mev. Tims wo may 
conclude that in spite of the simplifications made, equation (4) (and the Fig. 7) 
represent the energy spectrum fairly well. 
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EFFECT OF ELECTROLYTIC CURRENTS ON A 
CURRENT CARRYING CONDUCTOR 

M. GAUR. G. P. BHATNAQAR, and V. S. DUBEY 
Physics Depahtment, Maohav CoLLEot (Vikjiam University) Ujjain 
{Received Januartf 20, 1064) 

ABSXRACX. Si jpoi imposition of oloct-rolytio ourrout on a nirront carryinji? rondiiotor 
(Pt. Wire) IS studied by kc^^iing tho heating eurronts oonstant.. The effect has been found 
to bo puiely a oliangc of potential differenec* ac'roas tho two ends of tho wire dipped in an 
electrolyte at constant temp(?raturo. This (‘ffect is not duo to tho change of resistance of the 
win' (i.e. due to changt' of temiicrairo of the wire) but due to the point to point variation 
of current in the wire. The contimtion is supported by theoretical considerations, which 
are verified experimentally. 


INTRODUCTION 

Effect (if ionic cairrents (ole(;trolytic liiibbleR) on lu^at-transfer was reported 
by Mixoii and dn pout (1959) to show that theiT is some lowering of the heat 
transfer at high eloetrolytie (currents, Ai'jas and Legvold (1958) have studied 
a similar phenomenon in gasc^s. Edkie, Rao and (iogato (1961) have reported 
in a note that at first there is a gradual liso in the heat transfer and then there 
is a sudden fall at high ionic* currents. Bhand, Gaur and Gogate (1963) and Bhand, 
Patgaonkar and Gogate (1963) liave inve^stigated the effect in more details and 
liave reported continuous emrves of rise and tlien fall of the heat tranefcM* coefficients 
w ith inereaRt* of electrolytic eiirn'nts. In tlie <?urves for hjhf^ against log i {i being 
electrolytic^ current) using thc' same platinum wire at differemt temperatures, tho 
maximas in all the cases seem to be present at about 100 niA. cloc^trolytie current. 
Tn tho other curves for different platinum wires also the* maximas will be obtained 
at about 100 niA. of electrolytic current if c*urrent densities (currents per equal 
area of the surface) w ere considered. Due to those peculiar results and the reported 
analogy to the heat transfer in boiling liquids, in the present w^ork these effects 
have been studied in greater details, tho effect being reported upto 400 niA. 

Using similar arrangements as by Bhand, Gaur and Gogate (1963) and taking 
a platinum wire of 0.015 (*m. diameter: 15.2 cm. length and keeping AO = 8.3 C 
above the temperature of bath, the effect w’as observed upto 1000 mA. of 
electrolytic (nirrent. The effect is shown in Fig. 1. hjho reduces to almost zero 
at about 800 inA. of electrolytic current. If the electrolytic current is increased 
further tho bridge remains unbalanced. In the observations reported by Bhand, 
et ah it is assumed that at lower electrolytic currents due to increase in the heat 
transfer the temperature and thus the resistance of the wire falls, w'hich is then 
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Fig. 1. Curv’^e showing variftiion of hilho against log ^ {i b<*ing the (electrolytic current in mA) 

brought back to its original value by inereasing the heating current L And 
that at higher electrolytic (currents du(v to the presencte of bubble^ foi'rnation 
on the platinum wire (Positive electrode) there is a blocked of heat flux and 
hence the temperature and thus the resistance of tlu^ platinum wire risers which 
is brought back to its original value again by decreasing the heating (uirrent 
/. In th<; observations (Fig. 1) the effect looks to be similar with a maxima at 
about 100 mA. of electrolytic current, but it is difficult to ac'cjommodate the 
increase in the resistance of the platinum wire to maintain its temperature at 
AO — 8.3®C above the bath tcmptu’ature at nearly 800 mA. electrolytic current 
and on almost zero heating current. What kind of heat blockade could heat 
the wire when there is almost no heating current These observations thus 
create a suspicion in the validity of the assumptions of the so-called fall or rise 
of the resistance of the platinum wire. Therefore, the problem has been 
rcstudied by keeping the heating currents constant and measuring the so-called 
actual fall or rise in the resistance of the pJatinuin wire with the electrolytic 
currents. 


EXPERIMENTAI. 

The experimental arrangement used is shown in Fig. 2 in which AB is the 
platinum wire dipped horizontally in a large tube full of an weak electrolyte 
and is surrounded by a eo-axial cylinder; the weak electrolyte was just tap water 
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without adding any acid or alkali. The cylinder and the platinum wire form 
the two elo(!trodes for the electrolytic circuit. Tito electrolytic (uirrent is fed 



Fig. 2. (Urcuit diagrum iwod for nieasuremouls. iis is the cHlibratod rosistaneo arm of the 
VYK Kclvm Britigo. 

from a D.C. Generator through a certain tapjiing 0 of a high resistance of about 
141) olmis put in ]mrallel with tlie platinum wire. Th(‘ I).(\ Compound Generator 
used is G.K.C. F.2.A, which is run by a three pha>sc A.C. motor and maintains 
constant voltage of 220V. upto 22,7 Amps, curnmt. The required el(^(;trolytic* 
current w as adjusted and maintained constant with the lielp of a rheostat Rh^ 
in scri(^s with the gen(*rator. Tln^ platinum wire forms tlie unknov’n ann of the 
Kelvin’s double bridge (Pye). The wire is heated by a current ilrawn from 12 
volts Exide Batteries and is maintained constant with the help of a rheostat 
5^2 in series. A standard resistance of 0,1 ohm in series measures the heating 
current flowing in the platinum wire by balamdng tiu* potential difference across 
its terminals on a cromjiton jiotentiomoter. Thus, having the sami'^ experimental 
arrangement as used by previous workers (Bhand, Gaur and Gogate) tlic proce- 
dure adopted in this measurement was that the resistanc of the heat transferring 
platinum wire was measureil by keeping the heating acurrent constant. 

For each measurement, firstly, for every electrolytic current and with no 
heating current, a balance was obtained in the bridge (no deflection in the galva- 
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jiometor) by adjusting the tapping 0 of the shunting rheostats. This ensures that 
half of the electrolytic current enters at A and the other half at B each flowing 
on ecpial lengths of the platinum win*, k(H^ping A and B at the same potential. 
{Secondly, after nuuoving the electrolytic (airrent, he^^ating current was adjusted 
to a particular value I and resistance R was measured. Lastly, the electrolytic 
current was put on and keejiing the heating current constant the resistance 
was measured. Thus incr(‘.ase or decrease in the resistance irfi? = i?) is 

known, the temperature of tlu* bath was maintained at 20°C throughout the ex- 
periment. However by the end of the experiment in any s(*t if there was a slight 
rise of temperature of the bath by 0.5^C or 1*^0 then R was corrected to R(l-^(xt) 
and thus dR was suitably corret^tod. 



-00 400 600 800 1000 

Fig. 3. ( urvoH showing variation of dli in ohm with respoct to electrolytic currents in mA- 

»t different heating currents in amperes. 

Fig. 3 shows the results obtained from these observations. The graph is 
a plot of dR with respect to different electrolytic currents (x) on each heating 
current from 0.26 amp. to 2.0 amp. 
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T H E O H E I C A L 0 O N S I D E II A m 0 N S AN I) 

I N 'r E H P E T A T I () N () F II E S U L T S 

From tlie^ simpler considerations of the paths <;f heating currents I and (dectro- 
lytic current superimposed on it (see Fig. 2) it is quite clear that it is not the single 
current I which is flowing in tlie wire. Tliorefore, at any time to say that (R±Itd), 
th6> measured value of the resistance from tlu^/ bridge, is the resistance of the plati- 
num wire, will not he true. It is ol interest to note* that J is the current entering 
at A and (‘merging at B the j)oints at which the win^ ij- conn(-.(!ted to tht‘ Kelvin 
bridge. This is tlio necessary condition to obtain the balance in the bridge, 
that is, th<‘ bridge can be balaimed if the curnmts in the known arm and in the 

Ic^ads f)f the unknown arm are e(jual. H(‘uce it is clt^ar tluit tln^ balance of the 

bri(lg(^ can be obtained for (R f- dR), the resistance in the known arm having a 
current L when (R £ dR), L is tiie ])otential differerKc across AB (‘V(mi when the 
at^tual current flowing in the ])latinum wire may b(‘ distributed or diffiMeiit. 

In tlie nu^asureiiicuit of tin; r(‘sistan(‘e at a (uirrtmt / with no electrolytic 
(uirrent. it is assunu^d that th(‘. shunting resistance is large enough and lienee the 
branching current is negligible. HoweviT, Ibr more accurate* measurements 
if this need be considenMl. ltd r bt* the real ivsistam t* of tin* wire and R Iht^ measured 
value, then as (/- is the ( urrent flowing in tlu^ platinum wire, th(^ potcMitial 
difforerice across the* wire AB will be 

r(f i^)^R! 

It may be further add(‘d that there will be soint' leakagt* of current in the 
electrolytic and, therefor(\ the w hole current (/ ip) will not be (low ing in tin* plati- 
num win* and hence th(‘re will In* a furlht'r deen^ase of potential differenct^ across 
AB. Let the l(*akage current Avith no eletdrolytie eurnait ht* also int^luded in ip 
to raist^ it to i^p then wt* havt* 

rij i'p) /eZ; 

or '■ 

where k = i'ull nearly (constant for all values of /. Therefore a (uirrection fac^tor 
of (Z+li-) will have to be applied to all the values of 7? for the dotermination of r. 

To evaluate the potential difference across th(‘ platinum win- a |)oint to point 
current will have to be considered in the wire due to superimposition of the elec- 
trolytic current on (I-i'p) current in place of current 1 . Let x be the electrolytic 
current, then a:/2 will be the euiTent entering at A and ^/2 at B. Because the 
potential of the A side of the wire will be higher than the potential of the B side 
due to the heating current it is evident that the A side length along which half 
the electrolytic current .r/2 flows varying from xji to 0 will be greater than the 
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B side length I 2 where it varies again from a;/2 to 0 from the end B, Thus there 
is a point to point variation of the current from ^ /— i'^4- 1 1“ )• 

Therefore the total potential differcuice across AB due to this effect 


ho h -ir/2 

— S S d/p/ +2 2 dlpi 
0 x/2 0 0 


i — current at any point on the wire 


p — resistance per unit length of the wire 




l \ r «-0 ^2 i ' = a */2 

-2 S d/p(/~/'^ + ';')f2 2 A}p[l^V^-\V) 

0 ?W /2 0 i'=-0 

i' rr= the effotjtive electrolytic current at any point in the wire] 




-- y(/— (■»+ 'i--* f> J 

--.iez-f 

In addition there will be a decrease of potential on application of electrolytic 
current due to increase in the leakage of the heating current through the electro- 
lyte. Let it 1)0 a factor C, a fun<;tion of heating current 1 and rosistan(*.e of the 
wire. The factor C will increase with the increase' of x due to increase in the 

conductivity and may become almost constant after attaining a maximum value 
at some value of the electrolytic current. 

The overall potential difference across AB is 
BI-\- p ^ -0(1). 

To summarise the assumptions are : 

]. No change in the resistance of the wire duo to the introduction of 
e]e(^trolyti<5 current. 

2. Marked effect is due to tho change of potential differeiKJe due to 
the variation of point to point current in the wire. 

(a) Due to the superimposition of electrolytic current xl2 to 0 along the 

length /j and 0 to — ic/2 along the length /g* 

(b) li > Zg 

(c) Increase^ in the leakage of current through the electrolyte will 
decrease tho potential by a factor 6'(/). 
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(d) The factor V(l) will increase with the increase of x and may become 
almost constant after attaining a maximum value. Thus 

{R+dli)I = _0'(/); 

or, iKI = ?!-'■ ^ * _,;(/) 

Lot (Zj- — 2AZ; [AZ being tlie distauce of the bifurcating point I), from the 
middle point of the platinum wire,] 

Then 


dRl r_ AZ ^ - (\I), wliere p — L being the length of the plati- 

mun wire; 


or, 


dR 

7 


AZ X 
2 /> • 7 


where 0'(7) 

yl 


This d(Hluction is v('ry wcil demonstrated by the graphs drawn ix'tween 
dR and .r (.set' Fig. 11) 
when 


AZ 

•2L 


X 

T 


rf/? is negative : 


. j- ("{l). dR is zvru: 

11 X 

and wlion ^ > (''(1), dR is |M)sitive. 

A/ seems to be the propt'rty the ratio of the potentials of points A and 
with respeet to the eathodi' (‘vlinder and hem e 11 will go on deereasing and may 
become nearly constant at higii(‘r ek^etudytie eiirn'iits when potentials of A and 
B with respe(*t to the cylinder are large. 

The leakage fraction r'{/) increases with the increase a* due to the inijrease 
of the conductivity of the electrolyte and attains a maximum value (say at about 
10() mA.of electrolytic? current) and then becomes almost constant. 

This effect is very clearly brought out in the experimental curves (lig. 3) 
giving an increase of dip in the* negative sector, and as soon as both the factors 
AZ and C'(I) become constant a straight line portion of the curve is obtained which 
satisfies the equation 

dR _Al X 
r 2L ' I 


for dR and x. 
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The values of A? and C"(/) arc calculated for different currents from the 
straight line portions of the eurvos and are shown in Table I. 

TABLE I 

Values of A//2L and C'{I) for different heating currents. 


No. 

Heating 
ClllTOllt I 
ill amperes 

M 2L 

c-'(l) 

1. 

0.25 

0.009 

0.0024 

2. 

0.75 

0.025 

0.0038 

3. 

1.00 

0.030 

0.0056 

4. 

1.25 

0.035 

0.0090 

r>. 

1.50 

0.037 

0.0116 

(). 

1 . 75 

0.039 

0.0159 

7 . 

2.00 

0.041 

0.0215 


Both th(^ factors A^/2L and (J'(I) are found to be incn'asing with the increases 
of the heating current I. They do not give any simple relationship with the heat- 
ing current or electrolytic current which shows that the relations are ejuite c-oiiiplex. 

Ji E S U X. T 8 AND 0 O N L U 8 I O N S 

(J) When an ele(*trolvti(* current is applied on a lu^ated platinum wire 
through a central tapping 0 in a shunt resistance then' is lu change'- in the resis- 
tance of the platinum wire. 

(2) The effect is jairely a change in thi'- potential across the platinum wire. 
The change is due to the addition of two factors : 

(a) Electrolytic current d(H*s not flow on equal portions from the two ends 
of the platinum wire, resulting in an increase* of potential difference proportional 
to A/. This factor A/ decreases with the iniirease of the electrolytic current and 
then becomes constant. 

(b) Decrease of potential difference due to the leakage of current through 
the electrolyte by a factor C'{I). This factor C'(I) incjreast^s with the increase of 
the electrolytic current and then becomes constant. 

(3) The constant values of A/ and C'(I) both are found to be inoreasing with 
the increase of the heating current /. 

These results, therefore, conclusively go to show that the superiinposition 
of the electrolytic bubble formation causes no decrease and/or increase of the 
resistance of the platinum wire. Therefore, there is no adequate evidence to show 
that there is any marked effect of change in the heat transfer from the heated 



Effect of Electrolytic Currents on a Current, etc. 517 

piatiniim wire as reported by tlio previous authors (Bliaml, Gaur and Gogate, 
1963 ). 
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ON NUCLEAR EXCITATION AND FORMATION ENERGIES IV 
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Palit Laboratory of Physics, Catautta University, 92 Ach.aryya Phakitlla Chandra 

Road, Cal(^tttta-9. 

{Received September 2, 1904) 

It has bmi shown in the previous communication -II F (Dutta and others 
1964) that the binding energy of weakly bound nuclei is meaKiiri‘<d in terms of 
the deviation in energy from the isobarie nucleus, with optimum energy and neu- 
tron content, caused hy one or more neutron proton exchanges, in ai^cordance 
with the relation, 

E -- E^, wiiere, 

Eo ■= B{A)-\-F{I)+F(Z) -- <'()»7r/(Z)-f-«] coi?7r/(/). 

The neutron proton exchange (uiergy //. may 1)0 ascertained directly from the 
binding energy data (Konig el nl. 1962) l)y relation (r), as shown in the previous 
communication III. It has also been found that tlie Ji values for different mass 
members are composed of two parts one dependent on A only and the other 
dependent primarily on the periodically varying potential cmergy curve F{Z) 
and also on F(l), to some extent. The strong enhanciement of/? values at the 
minima of the F{Z) potential curve and a dc^i^rcase at the maxima, makes the 
behaviour of neutron proton exchange energy (i similar to the expected change 
for the general procofss of excitation energy. As such it was considered worthwhile 
to compare the /? values with the excitation energies of the nuclei. It was re- 
cognised that on account of the fundamental difference in f)dd mass and even 
mass nuclear structure, the excitation energies for them should be studied in 
separate groups. We have taken the 1st and 3rd excitation energies for the most 
strongly bound odd and even mass nuclei, (Nuclear data shetsts, 1962), as a first 
step, and have plotted them alongside the values, against a mass number scale, 
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The Similarity of all the excjitation energies with the (i values, both in respect of 
their dependence on A as also in respect of their dependence on the periodic? 
potential energy curves is evident from Fig. I, and may be regarded to be of signi- 
ficance. 



In view of tlio close resemblance of tlie curves for the excitation energies 
and the neutron proton exchange energies against mass numbers, we may des- 
cribe them by a general form of relationship; as 

Ei ~ f:{(A , max)^ mitt) 

— [ho€ ~ — Az^nax)'^ 

The vahn s so calculated and the experimental values are shown in Fig. 1. Here, 
the suffix ?, stands for the character of excitation, e.g., even 1, odd #1, /S^(AA — I), 
etc; A, f{Z), A;zmin paranthesis indicate the de})endence of energy on 

A,f(Z) and the maxima or minima positions of the/(Z) function in mass numbers. 
It also depends on the amplitude of the F(Z) function at the minima positions, 
for the p values. In the ease of values for AiV different from 1, all components 
except ^ dependent part, is to he multiplied by the factor 

(7, where 

(r(AiV) = 0.6+0.6tanh(1.6-~0,8AA^), 
the same relation as obtained before. 
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The roniiitant — 0, except for /?, where it obtains the magnitude 0.425, 
the constants ft, and a, are tlie same as and (*xcept for /?, where the factor 
is replaced by 0.125^/2, ; the constant a,, determining the shape of 
the Gaussian distribution of energy at the maxima and the minima positions of 
the /(Z) function is of magnitude 40/(AT)^, in all cases, where is the complete 
period in mass number scale at the respe(;tive minima and maxima positions of 
the /(Z) function. The values replacing A^, contributing at some 

minima only and are slighly displaced from the minima positions. The remaining 
constants, whic^h vary, are given in the tabulated form below : — 

TABLE I 

Constants for /? and excittion energies 


Ki 

K 

Oo X 10 - 


A’l 


1.6 

1 . 800 

0.5 

2.5 


] .5 

1.171 

1.3 

2.0 

Eei 

2.0 

1.555 

1 .4 

3.125 

Ees 

4.7 

1 . 138 

1.4 

1.25 


3.64 

1 .950 

0.0 

2.0 



a * 

Xl02 



yr 

A ^ 

Ai 

2.21 

1 

.443 

0.30 

0.15 

.074 

115 

176 

2.44 

1 

.421 

0.50 

0.2 

.154 

117 

178 

1 .38 

J 

.097 

0 . 45 

1 .0 

.107 

61 

1 19 

4.78 

1 . 

.180 

0.0 

0.92 

.167 

61 

118 

2.16 

0 

.723 

4.53 

0.0 

.002 

0 

0 


The expression for p, as stated now, changf^s the form of representation of 
its jnagnitude, used in communication III, boff)re. Along with it. we also modify 
the analytical expressions for some of the componcuits of Eq, namely u, and 
to obtain the different contributory parts of in a more regular shape. TIk^ 
expressions for the components of E^ and thus of the binding energies of all nuclei, 
may be j)ut as follows. The expression for Nq remains unaltered. 

Relations : 

B(A) - -9.S28A4S.S77xl0-M2+6V;mcv. 

C{ee) - 32.2: C{%%) = 33.0; C(oo) = 34+80^-1 ... (1) 

JVo* - 0.6302A-0.1287A exp (-7.95x BH.A) -.00155^ 

X cos 7r{0.794 sinh .0372(.4 -- 104)}{1 -tanh .6( J -45)} 

X{1 ~tanh. 6(A-145)} 

71 {^ N ) = 0.1 - 0.1 ... ( 2 ) 

/(Z) = -.051H-0.0339^-2. exp -l,18x 10-3.^2.).o.311 exp -2.25x10-3 

144)2. 

o, = 10.9-2.9{8in n ().6/(^)-S,- min))*}; [a, = ^ j 
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% = 10-3 sin n {tanh a^M-l 16)); [a = .013] 

^ = 1.052-f .088 sin rr(exp y A)\ 

. 0.106 Xl0-®,.i < 170 

( 

^6.830x10-3, ^ > 170 

^ — as described above. 

The graphical representation of B{A). F{Z) and F(T) are shown in Fig 
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NUCLEAR ENERGY AND NUCLEAR CHARACTERISTICS (V) 

A. K. DUTTA 
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(Received September 28, 1964, ) 

In a sot of previous communications, I, II, III, TV (Dutta and others, 1963, 
1964), we have analysed the fonnation and excitation energic^s of nuclei, avail- 
able iroin the recent compilation works (Konig and others, 1962; Nuclear Data 
Sheets, 1962), and have found smooth relationships, to obtain the required magni- 
tudes, to a fairly close approximation. The formation energy of nuclei, with 
optimum energy for any mass number, liave been obtained by tlie combination 
of a basic curve of quadratic form in A, superjxised by two pericKlic curves F{Z) 
and F(I) in nearly opposite phase. The deviation in en(U‘gy of weakly bound 
isobaric nuclei is determined in terms of //(A.V)^ i.e. //(.V— .V^)-, where /? is the 
neutron -proton exchange energy and is tin*' optimum neutn^n number for a 
mass numfier. These valu(\s can be eahnilated from available binding energy 
data, as shown in relations (c), and (d), in III. 8ince the fluctuation in optimum 
energy from a smooth (piadratic relationship, never surpasses the magnitude of 
about 19 mev., in the whole range from 80 to —1800 mev., it is considered 
that such splitting up of the total energy into (xmiponents is imperative, unlike 
the process implied in ’one particle model”. Weizsaeker (1938) had suggested 
that in nuclear energy study, oiu? should understand the diwiation from the 
smooth course indicative of a liquid drop model. Tlie collective nuclear model 
(Bohr and Mottelson 1963) also realis(.‘8 the importance of the basic liquid drop 
contribution. 

Of the tw o potential energy curves F(Z) and F{I) shown in Pig. (2), IV, the 
potential curve F{Z) primarily determines the energy of formation of weakly 
bound nuclei, as also the excitation energy, through (Jose assoeJation of the ob- 
tained relations, with the maxima and minima positions of the curve F(Z). Since 
the immediate determining factors in any transition, arc the involved state func- 
tions, controlled mainly by the charge distributions, we have stamped the asso- 
ciated curve as F{Z), The only other possible variables parameter for the asso- 
ciated periodic curve could be (I), the excess neutrons, which should determine 
the shape of the nuclei. The close correlationship of F(I) with shape would be 
apparent from the fact that the quadrupole moment maxima are generally placed 
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at the minima of the F{J) curve. This would be elaborated further, later. It 
is also, to be realised on these grounds, that the energy (;hange to the F{Z) curve 
is immediate, followed by a deferred redistribution, corresponding to excess neu- 
trons or shape, determined by the F(I) function. 


The minima positions of the (controlling F{Z) curve, in mass numb(»rs, ocemr 
at lb, 40, 90, 140 and 20S, (jorresponding to neutron-proton numbers as 8-8, 
20--20; 50-40, 82-58, and 120-82. They correspond to the magic muubers of the 
shell model, 8, 20, 50 and 82 neutrons or protons, except that the proton number 
50, corresponding to a mass number of about 118, is not a minimum of the F(7j) 
curve. It is, on the contrary, the position of a maximum, alojig with the mass 
numbers 27, 60. 177 and 285. TIkc absi^ncc of a shell closure or strong binding 
near 50-protons is corroborated on other eonsid(‘rations as follows ; 


When OIK' observes the excitation energies of odd-mass nuclei (6g. 1, TV), 
it would b<^ notiHl that all excutalion energi(‘S jump up to larg(‘ Jiiagnitiules at all 
other shell (dosure positions. (‘xc(‘])t at 50-proton positions. The excitation (‘rier- 
gi(‘s of (‘ven-(‘ven nuclei also obtain subdued excitation eiuugies in this region,, 
compared to other sludl closure positions. Absence of a shell closure at 50 protons 
is thus indieatcMl. Already studied thermal (Flowers 1952) or fast neutron (Hughes 
el (tK 1958) cross s(‘(ttions against neutron niimhers j)oint to the same direction. 
Tlie plottings of d(‘viations from TTetlm-Weizsacker relation ((Ireen, 1958) strongly 
eonhrms \sciik binding near 50 protons, in contrast to strong binding at 50 and 82 
neutrons and 82 ])rotons. 


further, tlie very olistiiiatc nature of assyjiietrie nuelc'ar fission fintls an 
easy explanation now. as the mass nuiiiber in the region of 120. is a rnaxinunn 
of the ixTiodie eiirve F(Z] and thus aoidd not he favoured for a transition. 
Indeed, Fong (lOoit. lOoO) eorrei ls the nuclear mass relation of .syminetrie fi.ssion 
pnxluei nuclei, s.u l. that it is less strongly Ix.und than the assymetrie fission 
product nuclei, and proceeds to justify the a.s.symetry on sholl inodel. Hill and 
Wheeler (105:1). however, rules out the possihility of ('Xplamitiou on shell haisis 
and proposes assvmetrv on hydrodynamic consideration. As «e have pist noted 
svminetrie and aasymetrie Hssion proiluets follow automatically on tl.e basis ,>1 
F(Z) potential curve. It is also clear that the syminetrie fission pr.xluots with 
a higher energy level, would he hwoiired with high excitation energies, as obtains 
in the ease, of dissociation of nmleeules. with constituents associate.! with exeite.l 


energy. 

Moreover, the argument of measiinxl is..toj.ie almndanees in favour oi magic 
numbers when properly read, go.-s against the idea of 5()-prot.m nuclei as Ix-mg 
Ir 1 strongly bound position. One. observes that the maximum .if isotopic 
Zn. ai I gtnerallv tends to move to higher noutron-mimhcr isotopes as one, 

lightest isotope obtains tlie laigcst aiumuam 
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of transition to these nuclei, on account of their low potential energy. Thus, 
the nuclei 18A40(99%) 20Ca4«(97%): 38KSr«»(83%) 40Zr»0(r>2%); r)6Bai38(72%) 

and heaviest and lightest isoto])es of the two elements 

group'd together, obtain tlie large abundances sliown, on account of their shell 
closure positions, whil(3 obtains only 30% abundance and 52Te^2® is rare 

(Kaplan. 1963). It does not favour any strong transition probability near mass 
number 120 with about 50 protons. 

Furtfier, t>n account of the close relationship (Dutta et a1 IV) l)etwoon neutron- 
proton exchange energy //, Avith th(‘ excitation energy and hence also with the ioni- 
sation energy of nuclei, one would consider that the mass ruinibers on the maxi- 
mum of the F(Z) curve, wliich are weakly bounrl, particularly when // value itself 
is low, should have fewer isobarii* nu(‘lei. Tins is (corroborated by very few iso- 
baric nuclei in th(' region of mass number 155 to 2(MI, around F(Z) maximum 
at 177. At the shell closure regions, (jorrespo riding to mass numbers 16, 40. 
90, 120, 140 and 208, the average numbers of tabulated (Konig, p1 nL 1962) nuclei 
are respectively 3.5, 4.5. 5.5, 3.5, 5.5. 5, respectivrdy. TIu' number of isobaric 
nuclei near mass number 60 another F(Z) maximum position is also 3.5. It points 
out again pr()t()n-50 muJei as not in strongly bound region. 

The reason for (tonsidtuing proton 50 region as sludl (dosurw is primarily the 
large number (.)f stable isotopes, for the elenrents with charge^ values near 50, 
corresponding to mass numbers 115 to 135. Rin(*e the most strongly bound 
nuclei of any mass number is measuri'd in t(‘rms of the smallness of t he expression 
it is apparent that if the rate of variation of is lU'arly as high as the 
rate of variation of A', fc.r successive mass numbers, an eh'ment would nuuabi 
in the nearly optimum condition of energy for a st'ries of mass numlxus, giving 
a large number of isotojx^s. The increase in the calculated values of with mass 
number may be obtained by relation (d. III). It is observed tiiat tlu‘ rate of 
increase of Nq is approximately 0.4, 0.8, 0.4 and 0.6, luxir about the ma,ss numbers 
90 (A^ — 50), 118(Z -- 50), 138 (A^ ~ 82) and 208(Z - 82). The average number 
of stable isotopes in these regions are 5, 9, 5 and 4, in ac(x>rdan(te with expecta- 
tion. The number of isotopes is thus, not a criterion of strongly bound 
(condition, unless the large value for the rate of change of van be considered 
to be a criterion for that and this evidently it is not, according to the above. 
The rate of increase of N^^ is actually determimxl by structural devcdopmeiit. 

The difficulty of the shell model, in view of the unetTtainty of the 59-proton 
shell closure as also in view of the unsatisfat^tory explanation of magnetic and 
quadrupole moments, cannot be avoided by switching over to the collective 
nuclear model (A. Bohr and Mottelson 1953). Its correlation (jf excitation of even- 
even nuclei with the rotational energy expression, in the range of mass numbers 
150 to 190, definitely fails for the nuclei 74W^«^ and 78Pti»«, in a 

systematic fashion. They are weakly bound even-even nu(dei in this region by 
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the criterion of magnitude, an<l obtains a drop from the ratio of 3.8 for 

2nd and If=t excitation erKTgios to less than 2. This suggests explanation for 
the change in excitation energies luvre, to other c.ausfvs than the change in 
rotational quantum numbers. A new orientation in the ideas about the stnu*- 
tiiral development, is, thus necessary. 

To understand the process of grovrth of nuclei nott^ that the half periods 
of the piiriodic function V(Z), mentioned before ()(‘cur at steps of values, 
which remain rougliiy constant at about Kbo units of charge after two initial 
lower steeps at mass numbers 16 and 40. Such small and nearly constant half 
period values of nuclear (diargc- could not be accounted for by any form of evtuily 
distributed neutrons and protons at appropriate flistancc^s, over continuouslv 
increasing size* of nuclei. It compels one to suggest that the growth in nuclear 
structure should be in the form of (juasi -crystalline development, v itli variables 
units to incr(‘ase the size during a period of growth, gradually. 

Such a process of gnnvtii is also envisaged l)y Wigner’s(lb33) ideas on the 
short range" niu lear force. It had b(‘en suggest("d by Wigner and <"mphasis(Ml 
by Weizsack(T (1038) and others that the rapid rise in bindings energy per nu- 
(*leon of 21ie^ from that of IH“, through the nuclei IH^ and 2He^ is on actHmnt 
of the inc.r(*ase in boiuLs between nucleons and the consecpient clos(*ncss of inter- 
nuel(‘onie flistance. Sucli larg(‘ binding energy per nucleon as in 2He^ obtains 
again at 4Be^ and then from bfO-, onwards. The intervening nuclei from 2He'^ 
uj)to excej)t 4Be^ have miicli losver binding energies per nucleon and must 
posses a mor<‘ opeui structure, witli l(*ss bonds ])er nucleon. The increase in 
binding energy of 2 ^ 10 "*. 4Be^. 6(^^- and onwards, would then be on ac(‘()unt of 
doubling u]) chara-der. sucli that tlie bonds per nucl(‘on are increast'd. Niuflei 
like 6(03, wbich also obtain large binding energies per nu(*leon (*ould 

bt" c()nsider(*<l as dmibling up of known nucl(*i, such tliat symmetry of structure* 
is also maintain(*d. 

For furtlu'T growth and maint(*nance of symmetry w(* could always ("onsider 
the (‘ven-i*v(ui nuch*us as doubh*d up structure ol two groups, as in JHc** and 4Be^ 
and an odd mass nmdeus as a composition of three groups of nuclei, generally, 
hold by internucle^mic bonds. The nucleons in each group sould also obtain 
spinning and orl^ital motion, on accMuint of exchange of neutrons and ])roton> 
to give the runicleiis a liquid droj) character. 

Group formation as a recourse to the explanation of short range forces was 
suggested by Wefelmeyr {11137) and Fano (11137), in the form of an a-partiedo 
model of solid crystal type. Weizsacker (1938) had brought out the comparative 
advantages, of such model over one particle model. It was also proposed by 
Wheeler (1937) and rejecttHl by him (1941), on account of some obvious inconsis- 
tencies. A larger nucleus is not likely to be btiilt up with strongly bound units 
like a-particle, of nonflexible nucleonic content. The inconsistencies are often 
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on aociount of that. It is inoro reaaoiiahlo to build up larger nuclei with a 
nucleonic composition of !1, 4 and 5 units of charge and associated neutrons, which 
are all weakly bound, (4Be" would have been also weakly bound, if it were an open 
structure and not double up) and satisfy group association through internucleonic 
bondages, unlike the schemes with a-particles as interacting (uititics. 

iSuch building up process gives us the cohesive forces of tho propcu order 
of magnitude also (Dutta el ul 11)62). This limitation in size of the small units 
helps us in understanding the pcricslie .structure, through a process of rearrange- 
ment that keep the nucleons always compact and lumee lU'arer the spherical 
shape. Hueh a proce.-is of structural growth also ibelps us in understanding the 
corr(dation between nuclear orbital and magnetic moments as also the qiiadrupolc 
moments. This will be discussed in the following communication, 

REFERENCES 

Bohr .4. and Mottolson B. R. Kgl. 1). V. iSMob M,it ///.s 27. N('. Hi 

Di-tta .A. K., 1, IflfiS. Ind. J. PIuik. 87. 183. 

Dutta A. K., Pul B., Oanpdy P., BancriPi" D.. Jl, l!)(i3, Iml. Phjis., 37, 543. 

Dutta A. K., Pal B., (i.anguly P., Bauerjo<' D., Ill, I!)(i4, fml. Phnn.. 38, 57. 

Dutta A. K., Pal B.. Ganguly P., Banerjfc I).. IV, 1!)64. hni . ./. P/iiy.v., 38, 519. 

Dutta A. K., Pa), B.. Das Oimta, .A., ('haudhiiry. N.. 1992, Iml. P/i//.v., 36, 197. 

Fatio, V. 1937, Nuturwm 25, H02. 

Fong P. 1953, P/iy/s. Rev. 89, 332. 

Fong P. 1956, Pliiin. Rn. 102, 434. 

Grocn. A. E. S., 1958. Rrv. Moil. PlnjH., 80. 569. 

Hill, D. L. and Wheeler. A. H. 19.53, Phijs. Rer. 89, 1102. 

Hughes. 1). J.. Girth. R. ('., L-vin .1. S., 1953. /Vivs. Rip. 91, 1423. 

Kaplan, 1. Nuelear Phy.s. Addison We.sley Pub. Co. 1963, p. 21(1. 

Konig, L, A.. .Mattauch .1. H., W.ipstra. A. H., 1962, S'ucimr Pliii.'i., 31, 18. 

Nuclear data sheets 1962, National Acad. Rid., Waslmigtou. 

Weiraaeker, von. C. F. V. 1938, iVn/anews 26. 209, 255. 

Wefebneyer, W. 1937, Pintorw'm 25, 525. 

Wheelor, A, H., 1937 Php. Rn. 52, 1083. 

Wlieoler, A. IL, 1911 Phijs. Rev. 59 . Hi, 27. 



?3 


ON NUCLEAR STRUCTURE AND NUCLEAR 
MOMENTS (VI) 
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Haut J’rofessok of PiiYsrcs, Calcutta Dnivkusity, 

92, A(*HAHyVA PkaFULLA (■HANDIt\ HoAl). (‘ALCUTTA-iL 

{Rtrchml Svittmher 2 H, 19(U). 

Nuclear inoiuonts which are dcterminefl })y the structuiH' of the nuclei, should 
give us, ultimately, the proper form of luielear Ktruedure, whim the magnitudes 
of th(^S(^ moments and their inttuTclations are I'learly understoorl. Tn view of 
tlu accuiaiy of tin* experimental results, a suitahli' theory should approach the 
jm‘asun‘d values closely. It is well known that th(‘ total orl)ital moments of the 
nuclei or their /-values art‘ mon^ or less in accordauci^ with the. shell model. 
Indi ed the shell model is haseil on these measuriMl /-values and the magic 
niim))ers and th(‘ agreenuuit is expi^eted. Evim, then, there are disagreements 
of somi^ oxpiTimental /-vanes (Strominger ef u/, 1058) with the allowed values 
pioposed initially in i^aeh group. Tlic^ already known moments of the nuelei 
Na‘^^, and the more recently determined moments of Ne^^ Td^ Se’^, 
contradict the allowed values, with an agreement for II out of 0 measureil 
values ill 2d^ ,, sluil, uptil now. FurthiT, the interniation between the orbital 
and magnetic moments expected on shell thi‘ory, on the basis o(‘ Schmidt model 
(Schmidt, 19117) is not supportinl f)y experimental values, although there are 
attempts to explain them. Tliis has beim clearly pointed out by Blatt and Weiss- 
kopf (1052, p. 772). Other procedures for eorniating ' and "/i" values (Rose 
and Bethe I0I17, Margenau and Wigner J040) have not proved to lie of much 
consiMpjence. The explanation of quadrujiole moments, on any tlieorv, is yet 
in a very unsatisfaetory position, inspitc of some attem])ts at exjdanation on shell 
theory (Uordy 1049. Hill 1949, Townes 1049). It is, therefore, (]uite reasonable 
to state that we have not yet understood nuclear structure as we have failed to 
lairrelati' the nueloar moments and even to put forw^ard a satisfactory explanation 
for tile origin of ra|)idly lliictiiating ((iiadrupole moments with mass number. 

It would perhaps be helpful to study the experimental findings on the ‘T’ 
and ‘7^” values and their interrelation for different nmJei, critically, before formu- 
lating any plan for tlnur interrelations. To understand these interrelations it is 
(considered advantageous to have an overall picture for the w'liole set of nuelei 
before partitioning them as light, medium and heavy nuclei. Before proceeding 
in that direction, Ave may accept the experimental values for tlie magnetic 
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moments of proton and neutron as +2.793 and —1.913 respectively, giving us 
th(' corresponding Lande-g-fa(;tors as 5.59 and —3.83 respectively. The Lande 
g-factors for the orbital moments of the proton and tlie neutron are considered 
generally, to be 1 and 0 respectively, on thc» basis of our knowledges of electro- 
dynamic relations. In view of various complicated relationships cropping up 
in the nuclear dimensions it would have been better if these (/-factors could be 
substantiated on grounds of experimental results and they are actually so subs- 
tantiated as would be shown in the following. 

We tabulate for this purpose the numbers of nuclei observed with an approxi- 
mate value of /I for the different values (Strominger et ai, 1958), both for the 
odd proton and the odd neutron nuclei, as shown in Table 1. The outlying rare 
cases have IxH^n k^ft out in this tabulation. 




TABLE J 





Numl)ers(odd proton nuclei) 

Numbers (odd neutron 

nuclei) 

i 

1/2 

-.2 r. ]..•) 2 r> 

(i 0 4 

3 ') 4 5 5. 

5 -1 .T) 

3 3 

0 4- , 

4 S 

.0 1 1 

0 

m 

10 10 


J 4 

0 3 

2 


T) 2 

s 

4 (i 

0 3 

2 

7/2 

s 

0 0 

3 4 

1 2 

1 



] 4 

4 1 

0 0 

i) 


It would be seen from the table iluil the major gr()U})s for odd proton nuclei lie 
on diagonal lines, detTcasing the magnetic jnonumt "fC by unity for a c()rr(‘Hj)()nfl- 
ing decrease in the ”/*' vahu*, wlu-reas foi* nuclei with orld neutron, the major 
groups do not seem to change tlieir magnetic moments wlun the ■*/" value is 
decreased by nuity. The tabulat(‘d values, therefore, substantiate from experi- 
mental data the generally hold ideas about tlu' J^ande-g-faetors for orbital motion 
of ]:)rotons and neutrons, in a gross way. Further, the table indicates that th(‘ 
behaviour of light and heavy nuclei, which ar(‘ all mixed up h(T(‘. are ])erf(*ct]y 
alike*, in their interrelation between “/*’ and ‘7/" values aiul only om^ general 
principle of interrelation between these moments should hold for all mudei. 

Secondly, one finds from the tabulated values (Strominger ei (th 1958) a small 
and systematic changes in the magnetic moimmts of isotopic nuclei with the same 
‘T' values. To ( ite only a few eases we have tlu^ observed data for 'V and ' 
as follows: 17(W’, (3/2). .8, .68: 47Agi«^dn, (1/2), -.11 to -.14; 50Sn“^di», 
(1/2), —.9 to 1.04; 56Ba^'^*'*d^’, (3/2), .83, .93. Such a change for isotopie nueloi 
with the same values, is likely to be (caused only by a variation of values of 
gyromagnetic- ratio for spinning motion, with the neutron content of the nuclei. 
The data, in general, tenfl to rec|uirc that the magnetic moment for spin of the 
proton should vary from 2.8 to 2.5 units and that for spin of the neutron should 
change from —1.85 to - 2.15, with increase of neutron content of the nuclei. 
Th<i requirement of some such, correction is well known in connection with the 
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i— relationship for 1 !!'■*, and have been discussed by Blatt and VVeisskopf 
(1952, p. 251). 

We may now consider th<^ process of (levelopment of nuclear stnictun* (Diitta 
V, 1964), discussed before' and try to find how far the observed magnetic and 
quadrupolc moments are in acfcordance with that scheme of dc'velopinc'nl. For 
this purpose we consider all nuclei upto a charge content of 5 units as primary 
.ind the rewt as compositions from tliem. with additional neutrons. Tlie nuclei 
4Bc'*, 7N",** have' been considered as doiibleil up structures from the 

point of view of their binding energies. 

Any even-even nucleus would be regftrdeil as a composition of two groups 
of nuclei, witli opposite inoments to balance each other and gi\'<‘ the resultant 
effect as zero, in accordance witli observed results. When one considers the 
moment of nuclei on any other basis than the one particle moih'l, it would be dif- 
ficult to obtain neutralised (‘Ifects for all even-even nuclei. Tt is also known that 

one particle model doi's not .satisfy the reauin'inciit of i /i relationship for all 
nuclei, flroup formation with opposite moments is thus, the only othi'r alterna- 
tive for all evi'ii-even nuclei. 


For od<l mass nmdei. we consider the development of stru-ture as supi'rposition 
^t.p^ijvnlent groups, with opposite moments, on the piimaiy nuclei, beginning 
from neutrons and protons at the earlier stages. Additional groiqis, symmetri- 
cally plact'd would then build up heavier nuclei. Thus, from o.xygen nucleus, 
onwards. «e ma>' have two groups of 4Be«, with opposite momciit. . superj)osed 
on the primary nuclei to compose lu'avier nuclei, at the initial stage, fn 

sm-h a case there should be elosi* correspondence bi'tweeii the magnetic moments 

of the base and tlu' composed nuclei. A variation in the orbital (piautum numlxw 
for the developed .structure is not unlikely, changing tlu' orbital and magnetic 
moments by integral numbers and thus tlu' correspondenei^ wmdd be in the non- 
inU'gral portions. Hmall changes due to the neutron content, as already pointed 
out is alsi. expected. From these points of vii'W. the magnetic moments of a set 
of nuclei, which may he considered as tin- bast' and the composed structure, 
make favourable compari,son as follows : 


Nuclei 


Nuclei 


On'- 

8011 

-1.92 

-1.90 

.3Li7 

llNass 

l()K»o 

3 . 20 
2.20 
0.30 

IH'^ 

OFJO 

2.79 

2.(>0 

4Bo9 

12Mk25 

-I.IS 

-0.85 

3Li<» 

0.S2 

20rai-i 

-1.30 

llNaS^ 

1 .75 

5Bn 

2 69 

GC13 

USiao 

0.70 

0.55 

13A127 

21Sc45 

3.60 

4.7 
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It must be noted, however, that one cannot go on adding small nuclei to heavier 
nuclei for composition, as those would be gradually mon^ (composite in structure, 
so as not to form bonds v itli smaller groups. 

We may note, further, that the doubled up structures of and mak(^ 

14Si29 and 15?^^ as four group nuclei instead of the three group nuclei of 13AP’, 
with 4:5:4 units of cliarge. One iuay consider that the three group system is 
saturated at Ai-’ and i.*' followed by four and five group systems. Prom the 
nature of charge distribution and charge saturation, such nuclei should have (iom- 
paratively largt^ (piadrupole nuunents as observed and weaker binding represented 
by a maximum of tlu' F{Z) curve, shown in previous works (Dutta and others 
IV , 19(H). It is expected to he followv‘d by a comparative spread of the grou]) 
and iu‘gative tpiadrupoJe jnoment, as in 3:3: 5 : 3 : 3 charge distribution pro- 
posed for chlorine nucleus. The maxima of the F(Z) curve, near mass numhers 
59, 117, 177 and 235, already noted (Dutta IV, \^) are associated with large 
values of (piadni])ol(» moments in those positions. They corres])()nd to the cliarges 
27,49,71 and 92 and should he followed by a possihk^ eharigt‘ ov^er in struc- 
tural groups, suitable for evem and odd (*harges. which are symmetrically placed 
and held together by mutual bonds. The.s(‘ considerations woul<l be substantiated. 

It may be pointerl out also that large tpiadrupok^ moments for even eliarge 
nuclei are very often not associated Avith those ibr the odd charge nu(4ei. This 
should b(‘ on account of the particular group svsttuns and th»^ charactcu’istics of 
parti(uilar (ompositionf' necessary fur orld and ev^(ui nuclei. They obtain large 
positive or negative quadrupole moments for thes^‘ nuclei by correlation with 
the concentration of charge in a struc^ture, as has be(ui just iuflic'ated. Ti)e 
large quadrupole moment at 34Sc’® corresj)onfls perhaps to tlic saturati(ui of some 
(wen -group systeju. Odd charge luichu has a sulxlued maxima in this region. 

It may ho remarked, finally, that with appropriate orbital and spin quantum 
numbers, assoeiatorl with the jiiajor subdivisions, one may build up the magnetic* 
moments of all nuclei by superposition of stru(*tures, keeping in vievc the observed 
(piadrupole momentb also. What is nec^essary and of importance however, 
is to a.ssociate the changes in quantum numbers with associatcfl properties. Thc^ 
])roblcni is being looked into. 
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Wt propoMi to (‘xamine, now. the possibility of interrelating magnetic and 
orbital mom(‘nts on the basis of a (luasi-crystalline structure, whiidi considers 
(Dutta V, 19b4) largcT nuclei to be composiHl of elementary or primary nuclei. 
lh(‘se an* in circulating motion presumably on account of neutron-proton ex- 
change and thus obtain magnetic and orbital moments. 

PIh* observed total orbital momentum for the nuclei are only integral or 
half-int(*gral. Tliis suggests that tlu^ relativi^ spins of all the nucleons, both for 
th(^ primary and the composite* nucl(*i could bi* only paralh*! or antiparallel. 
TIkw are di'signated. usually, with positive and m^gativi* signs to indii^ati* correla- 
tion with tlu‘ signs of the magnetic moments. The spins of the nucleons should 
be grouped se}>arately for the protons and the neutrons, on account of their 
<liff(‘r(*nt T.'ande-g.factors to determine magnetic moments. The n\unbers of 
protons and neutrons taking opposite spin character would not be largely different 
and, thus, tlu* resultant spin quantum numbers for protons and neutrons, in any 
nucleus an* not exp(‘cted to be large. The numbers, so aligned in opposite 
directions, are asc(*rtainable from tlie resultant spin and nucleon number in the 
tu'o groups. 

We have been considi^ring the composite nucleus as a superposition of close 
packed (‘l(*m(*ntary nuclei, with the internucleonic spacings expected from tlie 
density. Such an arrangement would juit the orbital momentujii vectors for both 
the protons and the neutrons as parallel or antiparallel only, as in the case of 
nucleonic spins. Further, according to the scheme of composition of even-even 
nuclei from the subnuclei of opposite moments, we require to have both the spins 
and the orbital momenta (qipositely aligned to bring the resultant to zero. It 
retpiires that tlie juechanical moments of tlie nuclei would be both positive and 
negative and a combination of these in the subnuclei imply attraction and forma- 
tion of a larger nucleus. Also, in a symmetrical disposition of niujlinmic spins 
and orbital momenta, it is not expected that the resultant spins and orbital 
moments w^ndd set themselves in any oblique direction with respect to each other. 
We, th(*refore, assume that the orbital momentum 'L’ and the spin momentum 
align themselves along the same line, in parallel or antiparallel directions, 
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The experiiuontally observed total inonientuiu “i", veould be, as a eonseqiuaice, 
the algel)raif sujii of tbi’' orbital and spin niomentiini of the neutrons and protons 
and tlio total inagnetie monient (Strominger et ah I95S) for such alignment would 
be obtaiiKMl by summing up the products of the respective niecbani(^al moments 
with the corresf)onding Land(‘-g- factors. 

Tlie Lande-g-factor for orbital motion have btum considererl to b(‘ -) 1 and 
i) for protons and luaitrons, and hav(‘ been discussed before (Dutta VI, 1964). 
The Lande-g- factors for nucleonic s])ins are considered to be variable with a 
tendency to decrease with coneentratefl charge and also with the increase of 
neutrons in isotopes. The range of variations is not large* as would b(^ 
observed, further, in the table hennvitli. 

As we hav(* already observed in a prc‘vious comniuni<*ation (Dutta V^, 1964), 
we consider all nuclei upto a charge cont(uit of o units as elementary nucha. Of 
these the elements with a charge amounting to 2 3. 4, or 5 units are cf)nsider(*fl to 
be of circulating type. All luuclei from carbon are of composib* form, as discuss(ul 
previously. A composition would, naturally, iinply the sujinnation or subtrat- 
tion of the characteristics, determini'd by the (juantiun numbers. It is, howevcT, 
unlikely, that all the eharaeteristi(*s would be nxaintaincfl even afbu* composition. 
It is observc'd, generally, that spin characteristic are maintained wliiU* llu* orbital 
cpiantum numbers siiffe]’ a change with respect t/) the composing units. The 
requisite tentative distribution of resultant spin and orbital quantum numbers, 
to satisfy the* interrelation, as also the corresponding Lande-g-factors for the 
spining motion, have been given in the following table for sonu* primary and 
composed nuclei. 

To obtain the diffen^nt (juantum nniub(*rs necc'ssary foi' tin* correlation 
between orbital and magnetic moimmts. we proceed first to fix u]) tlu* resultant 
spins for the protons and the neutrons, such that with the r(‘speetive Land(*- 
g-factors the algebraic sum gives us the fractional part in magnetic moment, 
keeping in view the probable odd-even character of composition. Orbital 
quantum number for the protons would then be decided by th(* iatc^gral part 
in magnetic moment. The total orbital moment would finally give* tiu*- orbital 
quantum number of the neutron. Alternative arraiigeriKuits are Hom(^tim(^s 
possible. 

Regarding th(* characteristic's to be satisfied by the orbital (juantum numbers, 
w^(^ may state that the resultant orbital momentum of tlie composite nucleus 
is made up as the algebraic sum of the 1 -values for the diffenuit circulating units. 
The orbital quantum numbers must be distributed to the cinadating units, in 
a way, that does not impair the symmetry of the nucleus. This inqilics that the 
resultant orbital quantum number can be odd or even for circulating systems 
of 1 . 3, or 5 units and should he even only, for systems with 2 or 4 circulating units. 
This is true both for protons and neutrons. We hav(^ indicated the number 
of circulating units and the tentative composition in the adjoined table. 
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It would be observed from the table that sometimes th(! Lande-g-factors for 
the primary nucleus, which acts as the basis, persists with very minor changes, 
in the composite nuch'us also. Tn the case of 60^*, expected to be a com- 
position from two Li nuclei, the even value for the orbital quantum number 
is associated with a comparatively large reduction of Lande-g-facior g{Sp). The 
other possible scheme with odd numbers for orbital quantum numbers and Lande-g 
-factors of proper magnitudes, suggests a systmii of three circulating units, on 
account of odd values for the required orbital quantum number. It is however 
to be noted also, that tlu* Lande-g-factor g(s ) obtains a drop when a structure 
is saturated with charge as in Mn®* and Co®’. We have given two possible 
modes of composition for IBS®®)*®. A change over to a larger structure is ex- 
pected to be associated with a drop in qiiadrupolc' moments (Dutta VT, lf)60). 
The quadrupole momemts of 165^®)®® are negative and positive respectively. 
This suggests tliat 16S®® conform to the five unit system in the frea* state, The 
distribution of moments, consistent with symmetry, lead us also to the probable 
8tnicturt*K of nuclei. 

It would appear from the above that there is a close (‘(irr(‘Iati(»n betwesm 
the nuclear momenta on the basis (»f such (|uasi-erystallin(‘ .structure of the nneki. 
The scheme, therefore, calls for .serious consideration. The .«truetural develop- 
ment is bast'd on the idt'a of cohesion of primary nuelei. with partitiular disposi- 
tion of constituents. The nuelei .so formed grow into larger nuelei, as. gradually, 
larger primary nuelei replact' smaller tmes. During siu'h a proet'ss of growth 
by replacement, for a particular number of associated units, th(' poti'utial eiKTgy 
decreases to a minimum and then increases to a maximum, wlu'ii a bigger stnictuir. 
with a largt'r number of units, begin to ojH'rate. 
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It would be observed from the table that sometimes the Lande-g-faetors for 
the primary nucleus, which acts as the basis, persists with very minor changes, 
in the composite nucleus also. In the case of 6C‘*, expected to be a com- 
position from two Li nuclei, the even value for the orbital quantum number 
is associated witli a comparatively large reduction of Lande-g-factor The 
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IroiAK ASSOOUTION fob the OxJLTl 5ATIQN OV SCIENCE, CAXOTOrA.32 

{Received OcM t 9, 1964) 

ABSTItAOr. A miiuature ^oasoado helitm liquefier cryostat has been described 
vatIoub oonstructional details given. The liqt Ifier is designed to enable experiments at 
li(|uid helium temperatures to be performed m ^ ordinary laboratory and uses only liqtid 
oxygen for the initial cooling. The liquid hydroj |n needed to cool the helium below its inver- 
sion temperature is provided by a hydrogen cin ait hquefying hydrogen continuously within 
the same machine. Compressed cylinder hydrol^n is used avoiding the necessity of com- 
pressor or gasometer for hydrogen. 

INTRODUCTION 

The rocont widespread interest in cryogenic research has resulted in the 
development of inexpensive small laboratory made liquefiors for helium, using 
liquid hydrogen externally or internally the three proprietory liquefiers of Collins 
(1947), Meissner (1957) and Weil (1966) being too expensive and not within the 
resources of most laboratories. Most of these cheap liquefiers therefore utilise 
the Joule-Thomson effect and the principal of regenerative cooling. The general 
principles underlying the practical design of the Joule-Thomson hydrogen or 
helium liquefiers are well-known (Croft 1961) and the construction of the usual 
liquefiers has been fully described (Ahlberg et al 1937, Rollin 1936, Ruhemann 
1930, Starr 1941 Fairbank 1946, Daunt and Mendelssohn 1948, Chester and Jones 
1963)* For occasional work it is simpler and much less expensive to construct 
a double Hquefier in which both hydrogon and helium are continuously liquefied, 
rathar than set up separate liquefiers for hydrogon and helium. Thus starting 
only with liquid air, Uquidoxygen or liquid nitrogen, a small quantity of hydrogen 
iuffiefient to obtain the necessary starting temperature for the helium stage is 
liquefied inside the apparatus itself. In the present paper a miniature Joule- 
Thomson Cascade Uquefier for helium based on this principle is described, whose 
prototype is the Hquefier of Chester and Jones (1963), but a few novel features 
have be^ employed. Further a few details desogn and operation have been 
iwesented ham which may be helpfol to workers in this field particularly in this 

gM AaWsf lugli,pttrity (WA% or more) istKmunerdWly 
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cause of th© rdatively lil{^ cost of oojnpressor-gasoiixetw aystsift* it m #ouBd 
economy to use this commercially compressed gas foe small scale li< 3 |uefissthHi *ud 
to let off tiie low pressure hydrogen to the atmosphere. The standard 166 on Jt. 
capacity cylinders at 136 atmoqdieres could be used down to 36*40 atmospheres. 
At our speoiid request Messrs." Indian Oxygen Ltd. agreed to sup^y us Standard 
Parity (purged) locally manufactured hydrogen with impurities not mcoeeding 
0.3% and tins was available in any quantity. This greatly facilitated oar '^ik 
and involved very little cost. 

OBKEBAL DE8CBIPTION OF THE APPABATTTS 

A simplified diagram of the liquefier is given in figure 1 . In common with mori 
other inespenrivo Uquefiers, the hydrogen liquefaction circuit is fed ficom a mam- 
fold of high pressure hydrogen cylinders, and the hydrogen gas is subjected to 



Joule-Thomson espansion in an open circuit. For the helium liquefaction cir- 
euit a compressor is used, which deUvers compressed helium at 40 atmospheres 

K mii this expands through the J. T. Valve in a closed circuit producing liqu^action. 

The oxygen vessel B, the hydrogen vessel 0 and the helium vessel a« afl 
made of brass and are suspended inside a vacuum case A, also of brass, which is 
attached by an easfly dmnountable seal of Wood’s metal. The vessel B is main- 
tained at fifi'K by constantly iKriling liquid oatygen contained in it at a reduced 
pieBSoreofabout<meom.ofmetouiy. The desired vacuum is ^oduoed with the 
help of Edwards 1S160 punq? using trioretyl phwphate as pump oil. An 
autamatio valve actuated by metal beHows dhpenses liquid oxygmi via a gauee 
frmn riie outer dewar to <3ie veasdl B nnd is of the same type as need by 
and JnuM 11663). The pmapng apoed was adjusted by a Baundew ralve 
nod the inflow <rf Kquid oa^^cm in B was oarefisUy adjusted by euitabty fix^ 
Ijm imd which etmteds the valve seating. A genera} view of tiw assembly with 
,lhe vnownm case removed is given in. Fig. 4. 

pceesttM hydrogen aa»d high peensme Heham 0(6-10 atmo^hew# 
tort cotAidjby the hehumlathateiwipeeWv* 
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^ ; ‘ ™“® wound round a rod f^nd t^e . 



1%. ti Ctamiml vimr of «zohaagen. (Fboto wi^ yaorntm om» mnovod.) 

lodblaaatlwd in » wide tube (Mttxyingtlxe outgoing low ptes^ Next 

pHA jbi^ iHWMiiae bg'drggrai and ibe high pneastae heiiuin ooil round in Uquid 
WQfVto Ift Hhi dMHwr end fiiudljr enter the vacuum space. Hera tbe higb prassure 

to tibeir'iow pMuns 

K! 
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and these bmided otdls of hydrogea aad fadiam are SRangeo aiwizimwjr 
nd ooikd round die liquid oxygen TMsei'B hat not soldered to it. XheUOiOliilg^ 
xessore hydrogen and the hi|d^ jmessare hsliaxa ooUs are bodi so]4wM tO dm 
overpartitf B andthnaleareitatteiapecataieof B. Next the hl(^ gvessoie 
laws are again cooled hytlwreSpeotlTe outgoing gaws through sold«4MMiding 
n exchangers in the sam^ manner as explained before. Then the hiig^ preMRve 
lydrogen gas expands at the d.'T. Vahre, whwe it ultimate^ liquijAes and the 
iquid coUeots in the vessel C. The outgoing gas passes out dirou^^ the various 
txohangers thereby cooling the incoming gas and is finalfy let out to the atmoqihece 
hrouih the rotameter so that the rate pf flow of the gut can be measured. When 
he vessel 0 is filled with liquid hydrogen at 20”K, the hydrogen pump (Bdvards 
ISldO) is started and the liquid allowed to boil at a pressure of 12 cm. (tf mwomy 
jrodueing a temperature of 16**K1. 

The h^h pressure helium after leaving the exdiangers traverses through 
joila soldered to the lower part of C. The helium gas thereafter enters the final 
exchanger at about 15'*K and subsequently expands at the Joule-Thomson valve 
where part of it liquefies and ctdlects in the vessel D. The vessel D is surrounded 
by a radiation shield which is in metallic contact with the bottom of the vessel 
D and thus the heat leak into D is minimised. Ihe hdium stage is also provided 
with a by-psfls return pathforhdium in 1/4* tube, whiohin turn sheatiis the control 
rod of the expansion valve; this tube can be used as a low resistance pumping 
tube to lower the temperature of liquid helium below 4.2*K. 

A critical discussion of the performance of various types of heat exchangers 
has been given by Jacobs and OoUins (1940) from udiioh it will be evident that a 
highly efficient iatwchanger is expensive and difficult to construct. For ordinary 
purposes it is therafore usual to eonstruot heat exchanges either in the fimp 
o£ ooucentrie tubes or solder>bonded h^h and low pressure tubes. The Utter 
titwi g n was preferred due to its sfanpifioily of construction and two otipro>nid»l 
tubes (H.P. tubes t 3/32 in o.d., Iffi s.w.g, ; L. P. tubes : 1/8 in, o.d., 26 B.w.g. ; 
Ungth l>2m.) bard sddeied together and suitably (KdUd were used. 

AUjQmtsUtiminter-ohaQgweystmnBWerehaid'Si^iered wiHi *<Safiy-F]o'' 
aQver solder (Jdmson, Mafih^ and Oo., Ltd.). For laasons of safety the same 
soldar WM used for aU oi^er parts of hi^ preasme line. For low tempma* 
tom soft soldetiag, the solder used Im oity tiiMmd lead (im Idainuth) U the xat^ 
oTIOBiiandfiOPb. 

OtBTttiBtTTlOlf Alsn BtrSlFYIirO OJ»Ctrtt 
'lnigi»«31feow«theUyHra^ he&om iffetteibstifon tyiifeit uatd Ik bnfi ^ 

cfamit wb hfe iaife^fei d a dty feuMMideclBtlw fermif a ; 

IBlJiJtfit ’femiffill iihkit Aii yi dHiUMgto ' 
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o^peBBOT (maaiirfactared by Roavell and po: Ltd., Ranelagh Works, Ipswich) 
ooiginally meant for compressing air to 1(^ Ibs/in* with a capacity of 9 ou. ft. 



Fig. 8. Helium distribution syston and Auxiliary purification circuit. 

per minute when running at 1000 r.p.m. can be easily adapted for our purpose 
with slight modifications and is much cheaper. It is driven at 320 r.p.m. through 
y belts from a squirrel cage motor running at 950 r.p.m. and is capable of corn* 
pressing 40 litres per min. of helium to a pressure of 40 atmospheres. It is fitted 
with enclosed relief valve on each stage with coimections for piping back to the 
suction supply and a special seal at the point where the crankshaft passes through 
the casing so that there is no loss of helium. The usual rod for gauging the oil 
level in the crankcase has been replaced by a gauge glass and a special arrangement 
fat adding oil without opening the crankcase to the atmosphere. Further- the 
crankcase has to be joined to the gas-holder by tubing and the ah* hole is closed, 
.As the ratio of the two specific heats is larger for helium than for air, more 
heat will be produced din'mg the compresmon of helium, and therefore a positive 
system of water circulation must be used to protect the compressing system from 
damage. For tbi«» reason our compressor has been fitted with an automatio 
smtch designed (Shanna 1959} in this laboratory to break an electric circuit 
when the fiow of liquid in the cooling pipe reaches a predetermined minimum. 

The low pressure intake line to the comjwessor consists of a 1' copper pipe 
and odnnects it to the gasometer. The heHum gas can be had from the gas-holder 
12 ou.ft. capacity. 13ie dry gas-holders i/e. rubbw bellows, as used by Jones 
and are Hablo to develop leak and therefore a metallio gasometer supplied 
hy Mffmm IBfitkfeid Ltd,, is used and the gas is collected over taaadamsc oil, 
otKSitrols have beau dasigned {^Sharma 1961) and fitted to the 'gfiu* 
hdldar ^(ihoaile ihe huokniim and minimum limits b^rond wiuchl it ha 
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The high pressure helium leaves the compressor through 3/8* o.d., 1/4* i.d. 
copper tubing and passes through an after-cooler of the conventional type i.e. 
the gas is passed through a copper tube immersed in -water, followed by an oil 
separator in which the velocity of the gas is slowed down, so that it does not carry 
forward the oil and moisture. The compressed helium next passes to the distri- 
bution panel from which it can be smit to the liquefier, to the storage cylinders, 
or through a reducing valve, to the purification drouit and the gasometeor as may 
be seen from figure 3. 

As an added precaution for preventing the contamination of charcoal through 
oil vapours, the dry helium gas from the distribution panel is (further allowed 
. to pass through a porous ceramic cylinder of pore size 7.6 to 10.0 microns which 
serves to remove any traces of oil. Finally a silica gel tower is used to remove 
completely any moisture from the gas. An alumina gel tower is inserted between 
the distributing panel, and the storage cylinder for removing oil and moisture, 
so that the helitun stored in the storage cylinders is dry and oil-free. 

Auxiliary purification Circuit, Before starting a liquefaction run, the helium 
in the gas holder should be carefully purified. This is done with the help of the 
auxiliary purification circuit. First all the gas from the gas-holder is transferred 
by die compressor to the storage cylinders, and from there it is passed through 
a reducing valve which reduces the pressure to about 4 atoms. Thereafter the 
gas goes throu^ the charcoal trap 0 kept immersed in liquid oxygen, so that 
it is purified^y the activated charcoal and finally the purified gas collects in the 
gas holder. This process is repeated three times before every liquefaction run. 
It may be mentioned that B.O.B. 13 (supplied by Indian Oxygen Ltd.) which 
gives an outlet pressure ranging from 0 to 200 Ibs/sq. in is quite convenient to use 
as a reducing valve in this circuit and has been used by us for this purpose. 

OTHER CONSTRUCTION DETAILS 

Charcoal traps. The charcoal pot is made from vibrac steel bottles supplied 
by Means. Vickers Armstrongs. It is packed -with about 500 cc. of activated 
charcoal supplied by M/s. British Garbo-Korit Union of grade ULTBASOBB 
8. C. 11. The opmi end (i.e. lower one) is sealed with screwed plugs of the same 
matanal and soft-soldered in ]dtuse. This allows for easy refilling when necessary. 
A. filter inserted in tiiie charcoal vessel prevents particleB of dmrooal or dust being 
carried farther by the gas streams. 1%e incoming and the outgoing support 
the pot and are joined to the drouit by detachable unions, ^e 
is hydraulically tested to twice the wmrking pressure when it should show no dkh 
tortton. 

\ 

to. our eoqieriments ndng locally manufactured hydragmi the J-T vtim 
oooaaioaally got ohoked showing that the degree of purhloation attained wm n# 
snfflcieni v W6, t}ierafo|e, inserted m addidonal charcoal pot of cajpaoify ahottt 
400oe. tTdnglmth of these in ascieetlmwtp never ai^t«^^ . 
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^ Porom Oetamie OyU$ider8. Porous iamaio (grlinder (Aerox Ltd., F.K.) 
of Grade P.36 filter elements. 10^Jlongx2' o.d. x IJ' i.d., open at both 

were used for removing oU from gaselnB heUum at 40 atmosphere pressure, 
m fflter casing is made of copper and is iuitably mounted in the high pressure 
Ime of heUum. The ceramic element is e«fly replaceable by removing the body 
of the filter umt from its head by releasing|he retaining bolts, and then unscrew, 
ing the looking nuts and cap. 

For Lew pressure line purifietdion. gauze filters packed along the tube 
are generally used but this reduces the suet en capacity of the compressor. Aoti- 
rated aluimna also has the same disadvai tage. We have, therfore, employed 
a simple oil separator made out of ordinal r copper pipe length lOJ*, 2*o.d. 1|* 
i.d. inside which are mounted several fi; s on a vertical axis. The whole is 
sorrounded by ice and the oil vapour, if an; , condenses and can be drained off. 
This is, however, not very essential as X are not using an oil free compressor 
and any oil vapour carried forward from tb(> gas holder is not likely to do any 
great harm. 

Joule-Thomson Valves. Unlike the apparatus of Chester and Jones we have 
used an adjustable expansion valve in the hydrogen stage which is further provided 
with a locking device as a precautionary measure to prevent excessive opening 
of the valve. This allows us to adjust the rate of flow of hydrogen and is usehil 
at the time of blocking of the valve. The helium valve is also adjustable. These 
valves are the usual type of needle valves with long stem and seat. The top part 
of the valve is threaded and can be easily unscrewed and withdrawn. The two 
tubes sheathing the control rods are provided with relief valves at the upper end; 
this protects the hydrogen and helium liquid vessels from any high pressure acci- 
dentally developed. The valves are so constructed that the whole valve including 
the seating, can be withdrawn after only two simple soldered joints have been 

broken. 

Apart from the Joule-Thomson valves already mentioned, the high pressure 
valves uaed are the M.K. VIII (M/s. Nico-light) valves while the low pressure 
valves are the Saunders valves with vacuum reinforced T and S grade 


INDIOATORB 

Gfhges are permanently mounted to measure tlm intake pressure of cylinder 
helium, and the pressure on the high and low pressure 
i^dee ^ valve in both dreuits. The temperature of the li^d 

dfia bb .measured by the hydrogen-thermometer acting as a vap(w 
imd the tmperature of heUuni vessel is biei^ ^ a 
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The high pressure helium leaves the compressor through 3/8* o.d., 1/4* i.d. 
copper tubing and passes through an after-cooler of the conventional type i.e. 
the gas is passed through a copper tube immersed in water, followed by an oil 
separator in which the velocity of the gas is slowed down, so that it does not carry 
forward the oil and moisture. The compressed helium next passes to the distri- 
bution panel from which it can be sent to the liquefier, to the storage cylinders, 
or through a reducing valve, to the purification circuit and the gasometer as may 
be seen from figure 3. 

As an added precaution for preventing the contamination of charcoal through 
oil vapours, the dry helium gas from the distribution panel is [further allowed 
to pass through a porous ceramic cylinder of pore size 7.6 to 10.0 microns which 
serves to remove any traces of oil. Finally a silica gel tower is used to remove 
completely any moisture from the gas. An alumina gel tower is inserted between 
the distributing panel, and the storage cylinder for removing oil and moisture, 
so that the helium stored in the storage cylinders is dry and oil-firee. 

AuxUiary purification Circuit. Before starting a liquefaction run, the helium 
in the gas holder should be carefully purified. This is done with the help of the 
auxiliary purification circuit. First all the gas from the gas-holder is transferred 
by the compressor to the storage cylinders, and from there it is passed through 
a reducing valve which reduces the pressure to about 4 atoms. Thereafter the 
gas goes through the charcoal trap C kept immersed in liquid oxygen, so that 
it is purified 'by the activated charcoal and finally the purified gas collects in the 
gas holder. This process is repeated three times before every liquefaction run. 
It may be mentioned that B.O.R. 13 (supplied by Indian Oxygen Ltd.) which 
gives an outlet pressure ranging from 0 to 200 Ibs/sq. in is quito convenient to use 
as a reducing valve in this circuit and has been used by us for this purpose. 

OTHER CONSTRUCTION DETAILS 

Charcoal traps. The charcoal pot is made from vibrac steel bottles supplied 
by Messrs. Vickers Armstrongs. It is packed with about 600 oc. of activated 
charcoal supplied by M/s. British Carbo-Norit Union of grade ULTRASORB 
S. 0. 11. The open end (i.e. lower one) is sealed with screwed plugs of the same 
material and soft-soldered in place. This allows for easy refilling when necessary. 
A filter inserted in the charcoal vessel prevents particles of charcoal or dust being 
carried further by the gas streams. The incoming and the outgoing lines support 
the pot and are joined to the circuit by detachable unions. The finished bottle 
is hydraulically tested to twice the working pressure when it should show no dis- 
tortion. 

In our experiments using locally manufactured hydrogen the J-T valve 
occasionally got choked showing that the degree of purification attained wras not 
sufficient- . We, thetefo?e, inserted an additional charcoal pot of capacity about 
^ cc. Using both of these in series there was nevw any trouble of WociriTig- , 
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Parous Ceramic Cylinders, Porous oeratnic cylinder (Aerox Ltd., U.K.) 
of porsilox Grade P.36 filter elements, 10* long x 2* o.d.xll* id., open at both 
ends were used for removing oil from gaseous helium at 40 atmosphere pressure. 
The filter casing is made of copper and is ^itably mounted in the high pressure 
line of helium. The ceramic element is easily replaceable by removing the body 
of the filter unit from its head by releasingliho retaining bolts, and then unscrew- 
ing the locking nuts and cap. | 

For Law 'pressure line purification. gauze filters packed along the tube 

are generally used but this reduces the suc^n capacity of the compressor. Acti- 
vated alumina also has the same disadvaltage. We have, thcrfore, employed 
a simple oil separator made out of ordinaak copper pipe length lOj*, 2*o.d. 1|" 
i.d. inside "which are mounted several fi^ on a vertical axis. The whole is 
sorrounded by ice and the oil vapour, if an|, condenses and can be drained off. 
This is, however, not very essential as -ire are not using an oil free compressor 
and any oil vapour carried forward from the gas holder is not likely to do any 
groat harm. 


Jauh-Tliomson Valves, Unlike the apparatus of Chester and Jones wo have 
used an adjustable expansion valve in the hydrogen stage which is further provided 
with a locking device as a precautionary measure to prevent excessive opening 
of the valve. This allows us to adjust tho rate of flow of hydrogen and is useful 
at the time of blocking of tho valve. The helium valve is also adjustable. Those 
valves are the usual type of needle valves with long stem and seat. The top part 
of the valve is threaded and can be easily unscrewed and withdrawn. The two 
tubes sheathing the control rods are provided with relief valves at the upper end; 
this protects tho hydrogen and helium liquid vessels from any high pressure acci- 
dentally developed. The valves are so constructed that the whole valve includmg 
tho seating, can be withdrawn after only two simple soldered joints have been 

broken. 


Apart from the Joule-Thomson valves already mentioned, the high pressure 
valves used are the M.K. VIII (M/s. Nico-light) valves while the low pressure 
valves are the Saunders valves with vacuum reinforced T and S grade 

diaphragms. 


INDICATOBS 

hydrogen and oompresaod ^ temperatoo of the liquid 

hydrogen o» U meeanred by the . 

thermometer and the tomperaturo of helium 
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helium thermometer, acting either as a gas thermometer or a vapour prossoxe 
thermometer. 

Rotameters, virith duralumin floats supplied by Rotameter Manufacturing 
Co. are suitably inserted in the low pressure linos to measure the rate of flow 
of the gas in eaoh circuit. 

For check on the vacuum in the metal case A jacketing the liquefier unit, 
a Cathedon combined Pirani and Ionisation gauge (W. G. Pye and Co.) was 
mounted with both probes inserted. This served as a rugged and satisfactory 
indicator throughout the range. A vacuum of the order of 6 x 10“* mm. of mer- 
cury was maintained inside the casing by a fractionating oil diffusion pump (F 203, 
W. Edwards and Co.) and thus a good thermal insulation was obtained. 

HELIUM EVAPORATION CIRCUIT 

For attaining temperatures lower than 4.2‘’K, it is necessary to evaporate 
liquid helium under reduced pressure. For this purpose a parallel circuit is 
provided for pumping the liquid helium in D through the helium by-pass tube 
and the helium gas going out of the pump is taken through an oil separator 
to the gas holder, the direct coimection to the gas holder, being closed. If 
desired, the degree of vacuum in D is controlled by pumping through a micro- 
meter valve of Nagretti and Zambera type. 

OPERATION AND PERFORMANCE 

Preparatory to a run, the charcoal pots and other high pressure circuits of 
the liquefier are carefully checked for leaks under the highest operating pressure. 
Next the hydrogen and the helium charcoal cleaners are kept at about 2{)0°C 
for at least two hours and pumped continuously. During this reactivation of 
charcoal the bottom plugs of the cleaners are kept lULoistencd to prevent the sol- 
dered joints from softening. Heating is then stopped and when the system has 
cooled, the pumps are turned off and the high pressure gases admitted to their 
respective systems. 

Just before putting the plant in operation the low pressure and high presstire 
lines of both the hydrogen and the helium circuits are evacuated by their respec- 
tive pumps and the charcoal cleaners are surrounded with liquid oxygen. Eaoh 
system is then flushed with the respective gas purified by charcoal cooled by 
liquid oxygen. The process of evacuation and flushing is repeated several times 
and finally the liquefier is filled with' pure gas in eaoh system. Next the outw 
case A of the liquefier is connected to the rotary pump (the diffusion pump is 
kept ready) and alter about ten minutes hydrogen exchange gas is introduced 
into the vacuum case. Then it is surrounded with liquid oi^gen in a gisw 
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dewar* The approximate timings of Bubsequent events in a typical run is 
as follows : 


Time 
0 min. 


15 min* : 


25 min. : 

30 min. : 
37 min* : 


42 min. : 


Dewar vessel containing liquid oxygen is jmt on to the apparatus 
and the circulation of |ielium gas (30 litres/min) started with 
the helium by-pass opef . 

w 

At this instant the temjpratures of B, C and D will be 90°K. 
Liquid oxygen x>uinx) i# started. Alst/ high vacuum pump for 
evacuating tlie case Btarfed. 

Vessel B at 62“K flow is eontinued). Hydrogen flow 

(30 litres/miii) also started. 

Vessel C at 62‘'K and D | little Ingher. Helium flow stopped. 

Liquid hydrogen in C. Hydrogen pump started and the helium 
(in litres/min) also started through the helium heat inter-changers 
with by-pass closed. 

Hydrogen flow is reduced to 10 litres per minute and helium flow 
is continued as before. 


65 min. : Liquid helium in D. 

The only departure we made from Jones procedure was that once liquid 
hydrogen had been formed and hydrogen pump started, the helium circulation 
was re-startod with the by-pass closed rather than open. This slightly lengthened 
the cooling time, but is thermodynamically more efficient. Another advantage 
of this procedure is that there is no risk <.f liquid hydrogen completely evaporating 
in vessel C as the helium flow is kept dowm. 

When once the initial difficulty of handling the apparatus had been overcome, 
it was found possible to maintain helium temperatures steadily fox- several h^ 
By boiling liquid helium at a reduced pressure of about 50 cm. a temperature of 
Ss-K «. ’tUinod .nd f« »rond h,™,«. Only l.te» cytod^ j 

165 cu ft at 1980 Ib/in* and 26 litres of liquid oxygon were necessary for yun of 
hoar, a. . Lperatnro 3.25-K. For m—ha,, . ^ oj 4.2 K 

hoar, «a^. 4J.O ^yh.d^ oJ « ^ , 

tot.ll.Moa of the liqaeher «». 

la^Mon, onooora^o ife „atotal thMh, to the lote PtofeMot 

P.BS. B aL hi, »ll»ga.. of th, Cteondoa L.ho. 


1 
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Oxford, and to Professor G* 0. Jones of Queen Mary College, London, for a detailed 
discussion of the design of the liquefier. We record our thanks to the staff of 
our workshop for their skilful handling of various difficulties and their enthusias- 
tic cooperation. 
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ABSTRACT*. Measuremonts on dielectAo loss (tan 8) at 38.8 KMc/s havo been carried 
out on toluene, ethyl benzene, isopropyl beuz^e, o-xyleno and wi-xylene in the liquid state 
at different temperatures. Debye equation for solutions between tan 8 and r has been 
changed into on expression between tan 8 and ^ with the help of the rate equations in the 
form 

rtan8 (e + 2)2 

27 ^^” l+a*w 2 i 72 T 


The applicability of the Debye equation has been justified in the case of pure liquids 

- . , , f. T tan 8 * 

liaving dipole moments loss than 1 D* from the superposition of the plots of (tan o 

obtained experimentally) vs ^ over the theoretical curves derived from the left hand side 
expression of the above equation with y = 1 and suitable values of oc. 

The values of relaxation time, the activation energies for viscous flow and dielectric 
relaxation have been determined. It has boon found that the volumes of the rotors at any 
temperature for the various alkyl benzenes calculated with the help of the Debye relation 
between t and do not show any quantitative correlation with the molar volumes of the 
respective compoimds at the corresponding temperatures. 

INTRODUCTION 


The validity of the Debye expression for dieloctrio loss (tan S) accompanying 
absorption of microwaves by polar molecules in dilute solutions m nonpolar sol- 
vents, where dipole-dipole interactions could be expected to be negligible, has been 
well established. But in the case of pure liquids the stronger dipolar interactions 
render the appHoabiUty of the Debye expression uncertain. However, in the 
case of pure Hquids having molecules with small dipole moments the dipolar 
interactions will be weaker. Whiffen and Thompson (1946) studied the abso^- 
tion of microwaves of wavelength 1.27 cm in toluene, o-xylene and a few other 
oi^nic compounds in the pure liquid state. They considered the ^9^ ® 
percent solutions in non-polar solvents and using the Debye equation © mime 
the dipole moments which were in agreement with the (corresponding) hterature 
values. Petro and Smyth (1967) on the other hand measured dielSotnc constants 
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and losses at wavelengths 1.26 era, 3.22 cm and 10 cm at three different tempera, 
turos in the case of some alkyl benzenes and other polar organic compounds in the 
pure liquid state and determined the values of at these teraporaures for all these 
compounds by using Cole- Colo arc plot method. They discussed the dependence 
of relaxation times and viscosities on molecular shapes and sizes. Whiffen and 
Thompson as weli as Petro and Smyth tacitly assumed the validity of the Debye 
expression for dielectric loss for all the polar liquids studied by them.However, 
though the values of dipole moments obtained by the authors from the Debye 
equation are in fair agrooment with each other, the values of r for a certain com* 
pound at a certain temperature are quite different. As the conclusions arrived 
at by these authors about molecular size and other molecular properties would 
depend upon the correctness of the values of r, it would be desirable to test the 
accuracy of the value of reported by Petro and Smyth. For this purpose the 
measurements in the present case have been made at still higher microwave fre- 
quencies so that the maximum absorption in the alkyl benzenes which is expected 
to occur within a range of lOO^C may bo observed experimentally. Moreover, 
as the study of the pure liquids is likely to provide now data about the packing 
of molecules in the state of aggregation, where the ^’solvent effect’^ in dilute 
solutions (Miiller, 1932; Jenkins, 1936) could bo avoided, a careful study of the 
applicability of the Debye equation in the case of pure liquids is necessary. Even 
the deviations from the validity of the eqxiation may bring out the degree of 
importance of dipolar intoractions in the pure liquids and may thro^v' light on the 
structure of liquids. With these objects in view , a programme of work was under- 
taken to investigate the dielectric loss in the still lower microwave region 
(7.7 mm) in the case of some polar liquifls having widely different dipole 
moments. The present paper discusses the results obtained with some polar 
benzene derivatives in the pure liquid state, whore the values of the dipole 
moments of the molecules lie %vithin a limit of one Debye unit. 

EXPERIMENTAL 

The polar liquids studied in the present investigation are toluene, ethyl ben- 
zene, isopropyl benzene, o-xyleno and m-xylene. All the chemicals, obtained from 
reputed firms, were of chemically pure quality. These were first fractionated 
and the proper fractions were repeatedly distilled under reduced pressure and 
dried by usual methods before being used in the investigations. The experimental 
arrangement for the determination of dielectric loss was the same as described 
in an earlier paper (Bhattacharyya et al.^ 1964). Absorption of microwaves 
(38.8 K Mc/s) by the pure liquids taken in a CJ-$hapod cell was measured at dif- 
ferent temperatures in terms of d6, which were then converted into tan values. 
In the case of all the polar compounds absorption maxima were obtained within 
the range of temperature variations produced in the bath. The values of the 
static dielectric constants at different temperatures were taken from the Inter** 
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national Critical Tables. The values of viscosity and density at different tempera- 
tures for all the compounds excepting isopropyl benzene were taken from the 
Landolt Bornstein Tables, while those for isopropyl benzene wore determined 
experimentally. \ 

% 

RESULTS AND |lSCUSSION 

The values of the dielectric loss (tan S) yor all the polar liquids at different 
temperatures along with the corrospondin|| macroscopic viscosity time of 
relaxation r (calculated by the method dcs<^|ibe(l in the following section) and the 

ratio r/w are given in Tables (I--V). The plo|s of ^ -against T in some cases 

I ^ 

V y 

are Bhown in Figures 1, 2 and 3. 

*1 

TABLE I 
Toluene 

6 cc of the liquid in the coll. IVequency — 38.8 KMc/sec. 


Temp. 

°C 

tan 6 X 10^ 

T X 1012 sec. 

V in c.poise 

rlvxwo 

1 

12 

32 
• 44 

62 

62 

74 

84 

18.39 

18.93 

20.01 

20.38 

20.02 

19.64 

18.64 

17.76 

9.00 

8.70 

6.46 

6.25 

6.03 

4.10 

3.55 

3.48 

0.75 

0.06 

0.51 

0.44 

0.41 

0.37 

0.33 

0.31 

12.7 

13.4 

12.7 

11.9 

12.3 

11.1 

10.8 

11.2 


TABLE II 
Ethyl Ijonzene 



!. of the liquid in the cell Frequency— 38.8 KMc/sec 

Temp. 

'C 

tan 8 X 103 

T X 1012 sec 

V ill c.poise 

t />? x 10 >o 

SO 

22.95 

8.25 

0.69 

13.98 

40 

23.76 

7.18 

0.555 

10.96 

60 

26.30 ^ 

6.45 

0.476 

11.48 

60 

24.84 

6.00 

0.43 

11.62 

70 

24.08 

4.46 

0.395 

11.30 

SO 

23.31 

4.10 

0.36 

11.39 

90 

21.95 

3.61 

0.33 

10.93 

05 

21.58 

3.66 

0.32 

11.12 
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TABLE m 
Isopropyl benzene 

6 oc of the liquid in cell. Frequency — 38.8 KMc/sec 


Temp, 

tan SXlO» 

T X 1012 sec 

V in c.poise 

Tin X lOio 

31 

22.10 

9.30 

0.69 

13.48 

44 

23.00 

8.01 

0.67 

14.05 

54 

23.96 

6.86 

0.62 

13.19 

60 

24.46 

6.26 

0.50 

12.52 

70 

25.20 

4.89 

0.45 

10.86 

75 

25.01 

4.67 

0.44 

10.61 

80 

24.57 

4.10 

0.41 

10.00 

85 

24.01 

3.60 

0.39 

9.23 

90 

23.41 

3.35 

0.37 

9.06 

98 

22.15 

2.98 

0.35 

8.61 


TABLE IV 
o-Xylono 

3 cc of the liquid in cell. Frequency — 38.8 KMo/seo 


Temp. 

tan 5 X 103 

T X 10' 2 sec 

V in'c.poiflo 

T]n X lOio 

2 

39.13 

12.32 

1.08 

11.4 

32 

42.51 

9.21 

0.69 

13.3 

50 

43.90 

7.66 

0.56 

13.6 

60 

44.53 

7.03 

0.50 

14.1 

70 

46,24 

6.18 

0.45 

13.7 

80 

46.20 

5.49 

0.415 

13.2 

95 

44.64 

4.10 

0.366 

11.6 

110 

41.93 

3.54 

0.34 

10.4 


TABLE V 
TO-Xylene 

6 cc of the liquid in cell. Frequency — 38.8 KMc/sec 


Temp. 

tan 3 X 103 

r Xl0i2 sec 

V in c.poise 

T-ii; xio»o 

2 

13.53 

12.34 ' 

0.74 

15.7 

17 

14.32 

10.66 

0.64 

16.5 

33 

14.80 

9.01 

6.53 

17.0 

54 

15.08 

7.68 

0.43 

17.8 

70 

J5.32 

6.42 

0.37 

17.3 

80 

15.54 

5.50 

0.34 

16.2 

90 

15.29 

5.06 

0.31 

16.3 

98 

15.13 

4.10 

0.29 

14.1 

115 

13.59 

2.98 

0.27 

11.1 
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Fig. 1. Variatioa of T tan 8/c with r for Fi^ 2. Variation of T tan 8 /c with T for 

. Ethylbenzene in the liquid state. i^propylbonzene in the liquid state. 



Fig. 3. Variation of T tan d/c with T for «t-Xyleno in the liquid state. 

(a) Applicability of the Debye equation for dielectric loss to some polar alkyl 
benzenes in liquid state. 

The Debye equation for dielectric loss in the case of polar liquids is given 
by 


tan 8 = 


ei+Co** 


0 ) 


m, where and «« are dielectric constants at static field 

and infinite frequency respectively. For the polar Hquids studied in the present 
investigation Cj « Co and the dipole moments being small in aU the cases the mternd 
field acting on the molecules of each Hquid becomes almost equal to the externally 

applied field and the Debyo equation reduces to the simple form (Frohlich) 

( 2 ) 

tand ^ 
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Now the polar liquids are considered as cent percent solutions in non*polar 
solvents (Whiffen and Thompson, 1946) and the equation (2) takes the well Imown 
form in the case of dilute solutions, 



4:nNcfi^ ^ 

2lW ^ 1 + wV* 



where the various symbols have their usual meaning. 

As T can not bo measured by any other independent method, eqn. (3) can 
not be used to verify directly its validity in the casw^ of polar liquids studied in 
the present investigation. Hovwer, using the rate equations for viscous flow 
and dielectric relaxation (Whiffen and Thompson, 1946) r may be expressed as a 

( £Jt \ 

y ^ Debye equation (3) 

can be expressed as, 

T ta n 8 __ . . 

€ 27k * ^ 

With suitable values of a and y used as parameters and values of e taken from 
literature, the L.H.S. of eqn. (4) has been plotted as a function of rj for some of 


_iL - 
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Fig* 4. Graph of T tan 5 /c(x 2 against for Fig. 5. Graph of IT tan 8/c|ji2 against 

Toluene. Solid line denotes theoretical tj for o-Xyleno. Solid line denotes theo* 

curve. A — Experimental points. retical curve A. — ^Experimental points. 



9 4 t 6 7 # 


Fig. 6. Graph of T tan is/ep 2 agidnst 9 for Xsopropylbrniieeiio. 
Solid line denotes theoretioal eurvo. A *--Eipedi]iiental poiiita* 
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the compounds as shown in figures 4, 6 and 6. With experimentally observed 
values of tan S and the values of /i retried by Altshuller (1954), the plots of 
T tan S , 

against viscosities at different fismperatures are again made. It is seen 

if 

that the experimental jioints lie very neai^ on the theoretical curves in aD the casess 
However, the values of a are different &r different compounds* The superposi- 
tion of the experimental curves over l^e theoretical ones in the case of polar 
liquids under investigation shows that ^e modified Debye eqn. (4) for dielectric 
loss is valid in the case of polar liquids iiaving dipole moments less than 1 D. 
However, in the present case the value 0| 7 is taken to be unity for all the liquids^ 
This gives a linear dependence of r on il as is also implied in the Debye relation 
T == 4:7nj(i^lkT and therefore, the validiw of eqn. (4) may bo taken to imply the 
validity of the Debye eqn. (3) itself, f 

Incidentally, it may be pointed out |hat since for each of the liquids only one 
Debye curve satisfactorily describes the dependence of dielectric loss on visco- 
sity, only one mode of relaxation is necessary for the molecules composing each 
of the liquids. 


(b) Calculation of fi, r, Er and Erj, 

The values of dipole moment fi for each of the polar liquids have been calculated 

from Eqn. (3) by using or ^ 1 for the maximum of the graph of ^ ^ against 

T, The values of fi obtained here along with those reported by other workers 
(Petro and Smyth 1957; Whiffen, 1946; Altshuller 1954) are given in Table VI. 
The agreement is quite satisfactory. The value of t at any temperature T h€W3 
been calculated with the relation 

/ rt anJ \ I / Ttan^ \ _ 2ci)r 

\ C /rlN C I maoB l+o>V» 


TABLE VI 

Dipole moments in Debye unit obtained by various workers 


Substauco Present Petro & Whiffen & 

authors Smyth Thompson 


Toluene 
Ethyl benzene 
Isopropyl bemseno 
o-Xyc^ene 
t»-Xylene 


0.30 0.31 
0.36 0.37 
0.40 0.39 
0.51 0.52 
0.30 0.31 


0,32 

0.53 


Altshuller 


0.31 

0.37 

0.37 

0.50 

, 0.31 


The values of t for the compounds studied at different temperatures are given m 
Tables (I-V). It is seen from the Tables (I-V) that in each caser/i? w almost 
constant, whieh is different for different compounds. 



5&St J. BhaU(ic%df^a, S. S. Boy and 0. B. Kastfut 


The values of molar activation energy Ej 
viscous flow Ef! have been obtained respectively 



£>^g. 7« Ethylbenzene 

O — ^Plot of log iqt against IjT. 
A — ^Plot of log io>i against 1/T. 


for dielectric relaxation and that for 
from the plots of log r vs IjT 



Fig. 8, Isopropylbenzene 

O —Plot of log iqt against 1/T. 
A —Plot of log io7 against 1/T. 


and log vs l/T as usual (Figs. 7 and 8). The values of Ejj and Er are given in 
Table VII. It is seen that in almost all the cases Er » Eij within experimental 


Er 


error. The value of the parameter y = » 1 used to calculate the theoretical 

Juff 

values of justified. 

It can be seen from Tables I-V that the values of time of relaxation t for 
the alkyl benzenes at any temperature increase in the order of toluene < ethyl- 
.benzene < isopropylbenzene < o-xylene < m-xylene. The values of t for 
.tojuene and o-xylene at different temperatures obtained in the present investigation 
agree well with those reported by Whiffen and Thompson (1946). But the values 
of T reported by Petro and Smyth (1967) in the case of ethyl benzene, isopropyl- 
benzene, ortho- and meta-xylenes are much different from those obtained in the 
present case, although the values of r for toluene at different temperatures are 
almost the same in both cases. It may also be noted that the order of increase 
in the values of t for toluene, ethyl benzene and isopropyl benzene are inmilar 
in both cases. The r-values for ortho- and meta-xylenes are largest in the present 
investigation while those reported by Petro and Smyth (1967) are smaller than 
those for ethyl benzene and isopropyl benzene. 


From a comparison of the values of dielectric loss (tan S) at different tempera- 
tures for d-xylfeise, calcUlatedTrom the values of «' and c'' given by Petro and 
Smyth, with those reported by Whiffen and Thompson, it is found that the tan d 
values in the' former ca^ are lower by 10-16% than those in the latter case 
and consequently, the former r-values_ are lower than t^ latter. Petro and 
Smyth used the Cole- Cole arc plot to obtain the values of critical wavelegth 
iiom*' measurements of e' and e" at only two microwave ferquencies (1.26 cm 
MidLi:3;.22;c^... 'iJThttS .^e accuracy in the measurement of Am is very limited, 
lloreover, it has been observed in the present investigation that the values of A,, 
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for various alkyl benzenes occur at 7.7 mm at temperatures much lower than 
those to be expected from the data giyen by Petro and Smyth. So it appears 
that the inaccuracy in the detorminati|On of has resulted in the inaccurate 
values of r reported by them. | 

Petro and Smyth attempted to Bh(|y that the r-valuos of various benzene 
compounds increase in the order of theirinolaf volumes V (=== Mjd). In jbho case 
of toluene, ethyl benzene, isopropyl beimene where the various alkyl group are 
substituted at the same C7-atom of the beKcne ring, the above correlation between 
T and V has also been observed to hold (walitatively in the present investigation. 
But in the case of ortho-and meta-xylone»wh©re th© methyl groups are substituted 
at two different (7-atoms of the benzen4 ring, even such (^[ualitatiyo correlation 
is not observed. I 


TABLE VII 




r X iota 

sec. V milli-poise 

rjV X 10» 

Molar 
Vol. (V) 

cc. 

Volume of 
the rotor 

m A3 

Ft 

K.Cal/ 

mole 

Fri 

K.Cal/ 

mole 


a 

4.1 

3.7 

1.11 


16.9 

2.15 

2.06 

Toluene 

b 

4.6 

3.8 

1.21 

111.0 

— 

1.9 

2.0 


0 

4.1 

3.8 

1,09 



2.2 

2.2 


a 

5,0 

4.3 

1.16 


17.7 

2.62 

2.40 

Ethyl 

b 

— 


. — , 

127.6 

— 

— 

— 

benzene 

0 

6.2 

4.4 

1.57 


— 

2.6 

2.1 


a 

6,26 

6.0 

1.26 


19.2 

3.45 

2.62 

Isopropyl 

b 

— 

— 

— 

146.2 

— 

— 

— , 

benzene 

0 

9.8 

4.9 

2.00 



3.1 

2.3 


a 



1,41 


21.4 

2.16 

2.26 

o-Xylene 

b 

6.9 


1.38 

125.4 

— 

1.9 

2.3 


0 

6,3 




— 

2.1 

2.3 


a 

7.0 

4.0 

1.76 


26.7 

1.95 

1.97 

m-Xylene 

b 

0 

5.3 

4.1 

1.30 

127.9 

— 

2.3 

2.0 


a— Present authors, b— Whiffen and Thompson (1946), ad c— Petro and Smyth (1957). 
The values of r, V and V given above are for in each case. 


However, it is found from Table VII that the order of increase of r-values 
from toluene to w-xylene is the same as that of the corresponding r/^-values. 

By using the Debye relation o« = ^ . r/^, the volume of the rotor at 333°K in 

of each of the benzene derivatives has been calculated. These are given 
in Table VII along Tvith the values of the molar volume for the respective 
compounds at the same temperature. 

It is seen that there is no quantitative correlation between the two sets of 
values as regards either their relative order or their actual values. This makes 
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the id^tifioation of the rotor with the whole molecule uncertain. This uncer'* 
tainty renders any inference about the molecular sizes and the degree of packing 
of the molecules in the liquid state rather unjustified. In concluuon, it is again 
stressed that very accurate determinations of the times relaxation for the various 
polar molecules in the liquid state over a wide range of temperature are necessary 
in order that reasonable quantitative values of certain molecular parameters may 
be obtained. 
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abstract. Flexible ftrtiAcial dielectrics b been constructed by embedding metal 
powders in polytbelene. The dielectric constan and loss tangents of these dielectrics 
have been determined experimentally at radio >quency (10.76 MC/s). Variation of the 
modulus of elasticity with percentage of metal pt- Jcles of the metal embedded media have 
been studied. Results show thrt there is a simple ^lationship between modulus of elasticity 
and the dielectric constant. These flexible dielectriofraay prove more advantageous than those 
constructed by embedding microseopic conducting particles in wax, due to formers mecha- 
nical properties, moulding ease and the wide temperature range within which they can be used. 


INTRODUCTION 

There are two well known types of artificial dielectrics, one consists of an array 
of W'ave guides and the second one comprises of a cubic lattice of conducting 
particles having a size and separation small compared with the wave length. 
Such a medium was proposed by Kapzov as early as 1922 and Kook (1948) gave 
it a practical form. Carruthers (1951) later on proposed a dielectric medium, 
suitable for very short wavelengths, consisting of light weight medium embedded 
with some fine metal powder. Kelly and coworkers (1953) measured the dielectric 
properties of metal powders in paraffin wax using the microwave technique. Same 
type of work haa been reported by Negebauer (1952), Peppiatt (1953), Mayer 
e< aZ. (1956) and Mickaelion (1965). The dielectric properties of such media are 
affected by (a) volume fraction of conducting particles (b) size and shajie of metal 
particles and (c) binding medium. Recently Pradhan and Gupta (1961) have 
shown that it also depends on the elemental spacing distribution of particles. 

Most of the workers used paraffin wax as binding medium due to ease with 
which it could be handled, but we have used polyethelene as binding medium in 
the construction of flexible artificial dielectrics, although polytbelene is tough 
in handling but is more advantageous due to its mechanical properties, case in 
moulding, resistance to moisture and the wide temperature range within which it 
can be used. 

EXPERIMENTAL PROCEDURE 

PrepchTotion ofaatnples : Polyethelene granules (e == 2.3, tan S = 0.001 x 10“*, 
density, d =»= 0.91 gm/mL and modulus of elasticity, E — 9.83 x 10® dynes/cm®) 
(md metal powder each were weighed in calculated quantity for a particular sample. 
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The mixture of polyethelene granules and metal powder was put in a air tight 
vessel, having a mechanical mixing arrangement. The vessel was heated in a 
temperature r^ulatod electrical oven for about 30 minutes, keeping the tempera* 
ture of oven at about 110°C. This process melted the polyethelene. The molten 
mixture was continuously stirred and then it was cooled till it solidified. The 
solid mass was removed with a scraper, the scraped mass was dessicated for 36 
hours and then was moulded under compression in a hot brass oast in the form of 
disc. These moulded samples were grinded and polished. 

Procedure ; The method of Hartshorn and Ward (1936), for the measurement 
of dielectric constant and loss tangent at radio frequencies was used. The di- 
electric constant and loss tangent of different samples were determined at 10.76 
MC/S as described in detail by Sharma (1960), Pradhan and Sharma (1960) 
and Sharma and Gupta (1962). 

The dielectric constant f of a solid sample is given by 

K == ( 1 ) 


where C, is capacitance of the sample in /i/iF, t the thickness of the sample and r 
is the radius of the electrodes (2.6 Cms). 

The loss tangent is given by 


tan S 


AGj-AGo 

20 , 


.. ( 2 ) 


where AOi is capacitance change corresponding to half of the maximum deflec- 
tion with sample in between the two copper electrodes and AG^ is the capacitance 
change corresponding to half of the maximum deflection without the sample. 

The modulii of elasticity of various samples were determined as follows : 

The scraped mixture of polyethelene and conducting particles used for dielec- 
tric samples was moulded in the form of thin rods having circular cross-section 
(about 10 Cms. long and 1 mm. thick). One end of the rod was clamped to a rigid 
support and at the other end of the rod the stress was applied. The lengths between 
the two clamps, radius and elongation of each sample were measured with a travell- 
ing microscope having a least count of 0.0001 Cm. Thus, knowing stress and 
strain, elastic modulii for diffment samples were calculated. 

BESULTS AND DISOtTSSION 

Experimental determination of didectric K„ and loss tangent for different 
metal powder artificial dielectrics has been carried out at 10.76 MC/S. for different 
concentrations of metal powders. Values are given in Tables I and II. Variation 
of didectaic constant and loss tangent for aluminium, copper, anitmony^ and 
sine with concentration toe shown in Viff/L 1 and 2 respectively. j 
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Morosoopio ei»mination of particle us^, showed that aluminium particles 
( /t X X 8;t) were in the shape of the discs, qopper (18/e x 10/t x 9/e) and antimony 



Fig, 2. Variation of loss tangent of met. 1 powder artifioial dielectrics with volume fraction. 

(5jiiX4i/ix2fc) particles were irregular in form while zinc (5/* in diameter) particles 
were nxore or less spherical. From theoretical considerations^, it may be noted 
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that for the same volume fraction of conducting particles, alumimum didectrics 
should have highest dielectric constant while copper dielectrics should have dieled- 
tric constant higher than those of antimony and zinc. For the last two materials, 
i.e., for antimony and zinc, the antimony dielectrics should have higher dielectric 
constant. Experimental results verify expectations for aluminium and copper 
dielectrics but in case of antimony and zinc dielectrics the case is just reversed. 

On calculating aJeQ, for aluminium, zinc and antimony mixtures from the 
Clausius-Mossotti relation 


K,-K _ N 
K,+K 3 


(a*/eo) 


( 3 ) 


and plotting it against the fractional volume of conducting particles (Fig, 3), 



Fig. 3. Variation of polarizability with fractional volume of particles. 

we observe that the polarizability in case of aluminium particles decreases with 
increasing concentration which may be attributed to change in shape of alumi- 
nium disc particles to ellipsoidal form. For zinc particles the polarizability in- 
creases with concentration, showing that particle shape is altered due to agglo- 
meration of particles. The distribution c£ particles is ako such that there is 
considerable interaction between the particles. The resulting curve of polari- 
zability for antimony particles is horizontal, pointing out that tiie polarizability 
remains constant with variation in volume fraction, although it should have in* 
creased due to agglomeration. This indicates that either there is no aggl omeration 
or there is no interaction botwemr tim partidea. 
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Let UB consider the case of copper, aniimony and zinc dielectrics, i.e., which 
are constructed by embedding particles of heavier metals. For the same volume 
fraction of conducting particles, the diele^ric constant was highest for copper 
dielectrics and lowest for antimony dieleotri«s i.e. highest for the dielectric shaving 

25lxio® 



Fig. 4. Variation of modulus of elasticity with concentration of metal particles. 


25 xlC 



Fig. S. 


Variation of msohanical strength of metal artificial dielectrics with dielectric constant. 


partides of highest electrical conductivity and vice-versa, 
dielectric constant of artificial dielectric also depends on 
vity of the metallio particles used. 


This indicates that the 
the electrical conduoti- 
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Tho variation of modulus of elasticity with concentration of conducting 
particles and with the dielectric constant are shown in Figs. 4 and 6. The curves 
show that a simple relationship existe between the modulus of elasticity and the 
dielectric constants of these artificial dielectrics. 

Interesting results might be obtained if measurements on these flexible arti- 
ficial dielectrics are extended to microwave region, 

TABLE I 

Variation of dielectric constant of metal powder artificial dielectrics 

with concentration. 


Aluminium 

Copper 

Antimony 

Zinc 

Fractional 

volume 

Ke 

Fractional 

volume 

K, 

Fractional 

volume 

Ke 

Fractional 

volume 

Ke 

4.930 

a. 53 

4.885 

3.764 

4.957 

3.089 

4.974 

3.214 

7.231 

10.36 

9.951 

5.664 

0.988 

3.957 

9.856 

4.130 

10.401 

13.66 

15.290 

9.621 

15.120 

6.712 

14.950 

6.091 

15.220 

17.61 

— . 


19.950 

8.958 

19.070 

10.700 


TABLE II 

Variation of loss tangent of metal powder artificial dielectrics 
with concentration. 


Aluminium 

Copper 

Antimony 

Zinc 

Fractional 

volume 

tan S X 10^ 

Fractionfd 
volume tan 8 X 10^ 

Fractional 

volume 

tan 5X10* 

Fractional 

volume 

tan 8 X 10^ 

4.930 

10.32 

4.885 ' 38,05 

4.957 

22.31 

4.974 

42.30 

7.231 

14.94 

9.951 80.28 

9.988 

26.80 

9.856 

119.10 

10.401 

15.64 

15.290 189.50 

16.120 

44.31 

14.950 

283.60 

15.220 

23.12 

— — ' 

19.950 

79.29 

19.070 

733.00 
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I 

ABSTRACT. Tn this paper the phenomenon of simultaneous oscillations at three 
anharmonically related frequencies in a regenerative loop, containing a limiter typo non- 
linear element, has been analysed. The effects of finite selectivity of the modes on the locking 
range have been studied. The response of such a loop to tin external input has also been 
analysed. A possible method for the elimination of the ‘three-frequency effect’ in such a 
circuit has boon suggested. An experimental arrangement of su(*h a regenerative loop, con- 
taining adjustable selectivity and gain control arrangement, has been described. Experi- 
mental results have also been pre.sented in support of the conclusions of the analysis 

INTRODUCTION 

Tho weak-signal suppression effect in non-linear regenerative tuned circuits 
has been examined by many authors. It is knowTi that compression type charac- 
teristics are mutually destructive and expander type characteristics, on the other 
hand, are mutually supporting. 

In this paper it wiU be shown that the compression type characteristics of 
a limiter may sometimes become mutually supporting in nature with respect to 
signals having certain phase and amplitude relationship among themselves. In 
particular, if tho input to the limiter consists of three components the frequencies 
of which are anharmonically related and the phases are related as in a phase 
modulated wave and further if the amplitudes of the different signals are properly 
related, then the stronger signals may help the growth of the weaker ones. Thus 
with respect to such singnals the destructive character of the limiter is lost. There- 
fca-e if the limiter is incorporated in a regenerative loop containing adjustable 
frequency selective networks and further if the gain of the loop for different modes 
is property adjusted, then simultaneous oscillations at three anharmonically 
related frequencies can be maintained. 

• This work heea done at the Institute of Radio Physics and Electronics, University 

A 

of Oaictittai Calcutta. 
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This is a desirable result where oontinuously variable stable frequency osoil* 
lations are needed, e.g., in frequency synthesis. In some oases, however, it may 
cause serious trouble, e.g., in Automatic phase control circuits, where depending 
upon the gain and transmission characteristics of bandpass' tuned circuits, the 
system may l^reak into simultaneous oscillations at different frequencies. 

In section 2 the transmission characteristics of two types of nomlinear ele- 
ments one having the limiter type non-linear traiisference and the other having 
the expander type non-linear transference — ^in the presence of three signals having 
certain phase relationships among themselves, have been briefly studied. It 
has been pointed out that it is possible to realise simultaneous oscillations at three 
frequencies in a feedback circuit which can independently support tlrree distinct 
modes and contains a limiter type non-linear element in the loop. The region of 
amplitude stability has also been found out theoretically. 

In section 3 the effects of finite selectivity of the modes on the shifts of the 
frequencies of oscillations from the resonant frequencies of the tuned circuits 
have been studied. The possibility of having continuously variable stable fre- 
quency oscillations has also been suggested. 

Section 4 deals with the effect of an external input, having a frequency nearly 
equal to that of any one of the free running modes. Expressions for the critical 
value of the amplitude of the external input for quenching action and the corres- 
ponding expression for locking range have been found out. 

■ In section 6-, a method has been discussed for converting the regenerative 
loop, sustaining simidtaneous oscillations at three-frequency, into a degenerative 
one with respect to the undesired components with the help of a non-linear phase 
shifting network. 

In section 6, experimental arrangement of the regenerative loop containing 
Ute limiter tjrpe non-linear element has been described and experimental data 
with re^ct to the region of stable oscUlations have also been presented, which are 
in good agreement with the region of amplitude stability found in Section 2. 

TRANSMISSION OHARAOTBRI8TICS 

''*ThrK frequ&^y effect'* in a rum-linear element or Irdemdl symhronieaUon 

The phenomenon that gives rise to the loss of destructive character of a 
limiter with reis^ct to three signals which have certain phase and amplitude 
relationahip among themselves, is called the “three frequency effect”. It is 
known that whmi two non-coherent signals are applied to a limiter type non-linear 
transference, the strong signal will be captured and the weak signal will be rejected. 
The expandor lype oharaoteristios, on the other hand, helps Ihe weak^ i^gnal 
to build up. But if ihe phases of the cmnpbnents of the signal to the limitmT are 
rdated as in a phase modulated wave '<md further if the amplitudes are pcopwly 
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relat<^, then the compressor typo characteristic of the limiter t3rpe non-lm%ap 
element will fail to he mutually d6structi|’e in nature, i.o. the presence of the 
stronger signals will help the growth of the tj'eaker one. In this soetion. this- pheno* 
menon will be briefly studied with reaped to two t 3 rpes of non-linear elements 
one having the limiter type non-linear traMerence and the other having the ex- 
pansion type non-linear transference. I' 

Let us consider that the inputs to the^on-linear elements are 

= d cos ^i) = A cos Ijj = B cos == B cos 

eg = G cos = C- cos fa, ... (2.1a) 

where A, B, G are the peak amplitudes of t|^e signals and fs 8'*^^ fa 8re their 
instantaneous phases wliich are related as i 

fA+fc = — (2-lb) 

The input output characteristic of the non-linear element having the compressor 
typo characteristicB is assumed to be given by 

... (2.2) 

and that of the expander type non-linear element is of the form 

= sinh (Xf„), • ... >(2.3) 

where ‘Xf„’ and ‘Xjuj’ are respectively the input and output of the non-linear 
element. 

Therefore the outputs of the expander type non-linear element consisting 
of frequencies — dfjildt, (Ojj = dfsl^t and wp = dfaldi are given respectively 
by 

T^ = 2 [Io{B)Io{G)Ii{A)+Io{A)Ii(B)Ii{G)co&^l ... (2.3a) 

r3==2[7„(d)7o(C')7i(B)-fJi(d)/i(£)/i(C)cos5J], ... (2.3b) 

Tc=- 2 [Io{A)Io{B)Ii(G)+Io{G)UA)h{B)cmf], ... (2.3o) 

where ItiZ) is modified Bessel Function of order'X’ and argument 'Z'. Taking 
^ =: {2n+l)n for the steady state, Eqs. (2.3a) (2.3b) and (2.3c) reduce to 

2[UB)UC)h{A)-IM)UWO)l 

Ts = 2[Io{A)Io{C)m-IM)US)k{0)l 

To = 2[Io{A)Io{B)Ii{C)-Ii>{C)l2{B)Ii{A). 


... " (2.ad) 

(2.3e) 
(2.3f) 


The plots of Ta, Tj, and To are drown in Fig. 1 for the case when ^ - C for M- 
fereat values of B. If the input to the expander type non-linear element ooMiste 
of ttr« oonpon»te e^. e, .od aod tether if ono »eoo.e. thot the ampM. 
a. hi i. o,tal to that of «„ and the rtaplitnde a e., to leea than that a atter 



m 


B* N, Bimoaa 


at t(j then one can find from the plots of Fig. 1 that after sometime all the signals 
will be found to grow, particularly the weaker one. Thus ezpandor type charao* 
teristics help building up of weaker ones. 



0 O'h 0'8 ® 08 1'^ 

3— ► 


fig. 1(a) & 1(b) ; The input-output characteristics for the three different components ot a 
composite signal of an expandor type non-linear element. The components of the 
composite signal bear a definite phase relationship among themselves, namely 
= 2)(>j5-(-7r 

Let US now consider the limiter type characteristic as represented by Eq. 

( 2 . 2 ). 

The outputs of the limiter type non-linear element consisting of frequencies 
sas ag — d^sldt and tua = d^cjdt are respectively given by 


Tx = ~{A»-i-2(B»+C^)A+£^C cos </>}], (2.4a) 

Tb = [B-{B^+2{A^+CI^)B+2ABC cos (2.4b) 

To = [C-{C»-f2(J5a-f vl*)C'-|-^J5* cos <f>}l (2.4o) 

When the signals are non-coherent the cos ^ terms drop out and the corresponding 
outputs are given by 

= [^-{i4»-f-2(J5*-f C*)^}], ... (2.6a) 

Tb = lB-{B^-\-2{A^+C^)S)l ... (2.6b) 

Ta^iC~{C^-\-2{A^+B^)C}l ... (fi.6o) 

Now for the case when the phases are related as in Eq. (2.1b) taking ^ « (2«-f-l)7r 
for the steady state, we have the following expressions for the output of the limiter 
type non-linear element for the diEFerent frequencies: 

= [.4-{J*-f-2(5*-|-C?*)^~B»C}], ... (2.4d) 

Tb « [B^{B^-\-2(A*^C*)B-2ABC)'\, .. (2.4e) 

2V**C^~{<’*+2(4«+J5»)C'-^]. « (2.4f) 
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The plots of Tji, and Tq given by Eqs. (2.4d), (2.4e) and (2.4f) are shown 
in Fig. 2. It is seen from the plot for the ease where A = G, that when this type 
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of limiter type ncm-linear element is incorporated in a regenerative loop and when 
B is greater than A or 0. it does not help the growth of either A or G. For ex: 
ample if 5 = 0.8 and A = 0.1 then it is seen that A becomes non-existent after 



2{J) ' • . 

‘¥ig 2(f)-8(j)! iVwMfer charaoteristib of a linriter for tiie (xm^wnint ‘B’of a oompodto 
; . (igiuicciM^iMng of three eon^nentsthat bear thephan relationslup (f j ^ -i-7r) 


among themadveij 
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sometime. But when A ox C m greater than B then it is seen from the plots that 
A helps the growth of B, But it is to be noted that when A is much greater than 
B then the loop acts in such a way as to he|p the elementation of JB. Thus there 
are limits to the value of the ratio AjB foi!| w'hich the loop may act in such way 
as to help building up of the weaker one. ^rom the above discussion it is clear 
that if the non-linear element is placed in a|egenerative loop having certain gain- 
frequency relations, the loop may break int<| simultaneous oscillations at the three 
frequencies cojg and <!)(;». A schemati4; diagram of a circuit for producing 
simultaneous oscillations at throe frequenci# is shown in Pig, (3), which contains 
three gain control arrangements for the osc:|lations at frequencies and o)(j 

respectively and three frequency selective networks for the oscillating components 
A, JB, and C respectively , | 

Region of Stability of Amplitvdes 

From the above discussion it is evident that simultaneous oscillations at 
three frequencies will be maintained in the regenerative loop containing the limiter 
type non-linear element if the gain, phase and transmission characteristics of the 
loop for a particular component bear certain relationships with those of the others. 
Further the presence of any one of the components will have pronounced effect 
on the gain, phase and the transmission characteristics of the others. Hence 
if the amplitude of oscillation of any one of the components is changed, the cor- 
responding transmission characteristics of the other will bo modified, as a result 
of which all the modes may exist with a modified amplitude distribution. The 
above situation will occur if the gains of the loop for different components boar 
certain relationship among themselves. In this selection this region of amplitude 
stability has been foimd out. 

Let us consider the regenerative loop shown in Fig. 3. It contains gain control 
arrangements 0^ and Gq respectively for the components ej^ and and 



Fig 3 ; Sohematio diagram of a regenerative loop with the limiter for simultaneoua oscilla- 
tions at three anharmoixically related frequendos. 
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a limiter type non-linear element. The input-output relation of the compressor 
type non-linear element is assumed to be given by 

~ ••• 

where 

Xin — A cos cos cos ... (2.6) 

Then the instantaneous amplitude and phase equations can be written a^i 

{l-0iG'^)4+r ^ - f 03G'^[4»+2(B®+C«)^+J5 *C'oos5J], ... (2.7) 

at 4 

{\-afiB)B+T ^ ? 08G'j,[fi®-l-2(^a-fC«)S+2^5C cos ^], (2.8) 

at 4 


(l-ai(?o)C-f T =- I a^Oc[(P+2{A^+B^)C+Am cos ji], (2.9) 

at 4 ■ 

and 

= 3a, [OsAC-^ I ((7^^ )] sin^J, ... (2.10) 

where T is an appropriate- constant. 

Putting 

4 — 1 tr 

3 ■ (hO^ ^ 


4 ttfis — 1 
3 


= Kb 


( 2 . 11 ) 


4 Oi0c-1 
3 ■ a^Gc 


= Ko 


and <l> = (2ra-fl)n-, we have in the steady state 

ZA^-QA^C-\-{^C^+K^-^Kb)AMKb-2C!*)C = 0 , ... ( 2 . 12 ) 

and S(^-QAC^+(iA^-\-Ka~2KB)C+{KB-2A*)A = 0. ... (2.13) 


Let us assume that the frequencies of the components A and C are syznmetri- 
cally situated with respect to the frequency of oscillation of the component B. 
In general ‘A’ is not equal to ‘C’ and so let us assume that 

C^mA ... (2.14) 

where W is a poedtive number. Substituting the value of C from (2.14), in the 
st^y state we heve 

B* „ — (1 ~b2w>'*).^* 

2—m 




(2.16a) 
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and 


. Ko-{m^+2)A» 
2-1/m 


(2,16b) 


2m*— 4TO*4-6m— 3, 

' I 

«= ”*-gtf-(24-l)-gB 
2-4m+6|»2-3m* 


... (2.16a) 
... (2.16b) 


The above equations have been plott||Kl in Fig. 4 where the region of stable 
oscillation which lies within the bounding curves corresponding to A^ = 0 and 



Fig 4 : Amplitude stability* diagram showing the amplitude relationship among the three 
components for simulttmeous oscillations at three auhaimonioally related frequencies 


J3* = 0. Now if the gains are symmetrically distributed around the frequency 
of oscillation of ‘J5’ i.e. KJ^ — Kg and ^4 = C, we have 


(2.17) 

B = ■^2Kb-2K^. (2.18) 

Therefore for simultaneous oscillations at three frequencies in the symmetrical 

case we must have 


= Ko> Es, (2.19) 

and ZKb>2K^. (2.20) 

In the above discussion nothing has been said about the stability of the 
amplitudes of oscillations. To study the question of stability of the modes we 
, shall follow the liapunoff technique. We imagine that the amplitudes 'A\ ‘B* 
and *0* are given respectively increments of ‘x , ‘y and ? about tijieir mean values 
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of the amplitude of oscillations i.e. Aq, Bq and C^. If it is found that these inore* 
monts ultimately die out we call the oscillation modes stable and otherwise unstable. 
Thus we have the incremental equations for the three components from 

= - I 03(?4{(64o*+2Bo*-ir4)»+24o5o»+(4^o®--Bo*)2K - (2-21) 

T%=-^a^Os{W+^o‘-KB)y+2AoB^+2AM ... ( 2 . 22 ) 

at 4 

T^ = -la,Oo{{5Ao^+2Bo^-Ka)z+W-Bo^)x+2AM‘ ... (2.23) 

ot 4 

Putting p = djdt the characteristic equation can be written, for the simple case 
when u4 = (7, i.e. — K(ji as 

p*+ I a,T[Os{2Ks-K^)+QOAK^-Kj,)]p 

[l<hy O^OMKx-KBr+M^A~KBms-2Kj)] = 0 ... (2.24) 

Prom the above Eq. (2.24) it is seen that the coefficients are real and positive 
when the conditions of Eqs. (2.19) and (2.20) are satisfied. Therefore Eqs. (2.19) 
and (2.20) give the correct criteria of simultaneuus oscillations at three frequencies 
in the loop. 

EFFECT OF TUNED CIRCUITS ON THE LOCKING 

RANGE 

In the above analysis we have assumed that all the three oscillations occur 
at the resonant frequencies of the three timed circuits. If only one mode exists the 
oscillation does occur at the resonant frequency of the corresponding tuned cir- 
cuits. If, however, the three modes are present simultaneously it is possible 
that the frequencies of oscillations will differ from the resonant frequencies. Now 
from the analysis in section 2, it is clear that frequency and phase condition in 
Eq. (2.1b) must bo satisfied. It is also evident that the amount of detuning 
present in the different tuned circuits will have a marked effect on the overall 
characteristics. This effect is studied in this section. 

Let us suppose that the three tuned circuits which have been incorporated in 
the loop have sufficiently high Q- values and the three frequencies of oscillations 
that are mmultaneously present in it, are chosen in such a way that the gain 
of any of the tuned circuits at its centre frequency is considerably large 
compared to that at other two frequenoi^ which are away from the centre fre- 
qaenoy. 
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Considering the loop shown in Fig. 3, one finds that for the simultaneous 
oscx lations to occur at the three frequoncio*, the linear and non-linoar gains of 
the loop for the three frequencies are to be lelated at 

A = GAp)TAAI.B. C), ... (3.1) 

^==Gdp)T^A:p,C), ... ( 3 . 2 ) 

C == 6c(p)Tc{A, C), ... (3.3) 

where GJp), Gs(p) and Ga(p) are the lineai|gains of the loop for the component 
A, B and 0 respectively ^ TJA, B, C),\^T^A, B,C) and B, C) 

are the corresponding non-linear gains of tl| loop. From Eqs. (3.1), (3.2) and 

(3.3) one can write the corresponding amijitude and phase equations as (see 
Appendix A) 


■ 

dA 

~s 

^ - GAq 

[(hA-~ a3{^»-f2{j82-fC*)A-f5*Cco8 95}j -A, 

... (3.4) 


dB 

dt 

GBo 

^ aiil- |a3{B»+2(AHC«).B-f2A£C?cos9i}j -B, 

... (3.6) 

2 

(Xq 

dC 

dt 


a^C- ~a^{C^+2{A^^B^)C+AB^ cos(l>}]^ -C, 

... (3.6) 

and 



^ ea 2A©3— (A«).i4-A«c)+A sin 

... (3.7) 

where 



g . ^3^ (^I'aGAo ^ — h^cGOo Q -t-2a^G*B(A(7 j. 

... (3.8) 


and Aw.^, Aco^ and Atoo are respectively the detuning from the centre frequencies 
of components A, B and C. and ocg and are proportional to the quality 
factors of the three tuned circuits, viz., 

|[n the steady state d^jdt = 0 and the equilibrium phase <j> is given by 

.?sin^ = 2A(0£ — (Aci>j[-f-Aci>^), (3.9) 


or, 


2A(i>jB — (Aw^-j-Awor) ^ f 

K ^ 


... (3.9a) 
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ObviouBly for entrainment the value of K must be greater than 1 (A{i>^+ 
Ao)o)l 


This defines the limits of detuning permissible. Beyond this limit the phase 
relations change to a value that the feedback circuit acts in a way so as to capture 
the strong signal and to reject the small signal. 

The amplitude equations are given by 

KAo = ^*+2{S*+C«)+5* ^ cos <!>, 

... (3.10) 

KBo = B*+ 2 (^HC'*)+ 2 ^Coos{ 6 , 

... (3.11) 

KBo = C*+2(4*+i?®)+JS*-i cos^. 

G 

... (3.12) 

In general A is not equal to C taking C = mA where ‘m’ is a positive number 
(integer or fraction) one can -write from Eqs (3.10), (3.11) and (3.12) the following 
relations. 

^ _ KAo-{Wm?)A'^ 

2 +mcos^ ’ 

(3.13a) 

2 -|-l/mco 8 <^ ’ 

(3.13b) 

= { 2 (l-f»n*)— 2 m co8^}.4®, 

(3.13c) 

and 


42 _ ( 2 +m cos 4‘)KBo 

(l-|- 2 m*)— 2 (l-f-w®+co 8 ^.m)( 2 -f-m cos^) 

, ... (3.14a) 

— ^ 00 — 1 cos 

... (3.14b) 


-and therefore the limiting value of the equilibrium phase ^ is given by- 


Cos 


KAo-KBo 

KBc-2KAo 


(3.15) 


From a study of the above equations it is clear that if the tuned oirouits have 
finite selectivity, then simultaneous oscillations at three frequencies may occur 
in the regenerative loop at frequencies which are not necessarily the resonant fre- 
quencies of the respective tuned circuits. In such a case the amounts of detuning 
, from the resonant frequencies will be automatically adjusted by the loop in- ao'- 
ooxdanoe with the amplitudes ofithe different modes, the selectivity o fthe tuned 
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circuits and the type of non-linear characteristic used. Ordinarily duo to power 
supply variation, temperature fluctuations etc., the frequency of oscillation of the 
different modes will try to drift. But in thif| case the tendency wiU be influenced 
by the mutual coupling between the modo^ (vide Eq. 3.9). 

We have so far considered the case wh^ all the tuned circuits have more or 
less the same amount of selectivity. Lot 4 now con-sider the case when one of 
the tuned circuits has a very high selectivity^ For example, let us take case when 
the selectivity of the circuit sustainmg th^ mode B is liigh, then the Eq. (3.7) 
reduces to - 

... (3.16) 

In the steady state it is seen from Eqs5(3.8) and (3.16) that the sura of the 
detuiilngs of the mode A and the mode O fri)m their respective centre frequencies 
is approximately constant. This moans that if either the mode A or the mode 
C tries to drift in frequency then the' other mode will drift in frequency in the 
opposite sense. This phenomenon gives an amouixt of stability to frequencies of 
simultaneous osc^illations at three frequencies in regenerative loop containing the 
limiter typo non-linear element. 

EFFECT OF AN EXTERNAL INPUT 

It is obvious that the first effect of the application of the external input to 
the sj^stem will be to cause an output at the frequency of excitation to appear. 
The amplitude of this output will depend upon tlie relative amplitudes of the 
free-running modes and the exciting signal at the input to the non-linearity and 
the linear response of the system at the exciting frequency. It is evident, for 
example, that if the exciting signal has a very large amplitude it may cause sup- 
pression of the intenial modes and the output will then depend entirely on the 
input strength. 

In general the effect of the external input will be to cause a reduction of the 
non-linear gains of the system. If the frequency of the external signal is close 
to that of any of the internal modes, there may also bo an amount of energy ex- 
change which may result in synclironisation of that internal mode with the applied 
signal. It can be readily shown that the effective gain of tho relevant mode when 
it is locked to the external signal is increased by a factor that depends on the 
output and the phase difference between tho two. Tlie amplitude and phase 
equations of section 3 will have to be modified to take into account these effects, 
viz., reduction of the non-linear gains, the energy exchange and consequent 
frequency pulling. Tho relevant equations are presented in appendix B. 

Although it is possible to solve those equations and treat the problem in all 
dts generality it is considered advisable, for reasons of simplicity, to analyse only 
the following simple cases. 
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In the first case we assume that the loops for two of the modes are first dis- 
connected and that for the other whose firequency is close to that of the mrn i t.ing 
signal is closed and further that the amplitude and frequency of the external 
signal are such as to cause synchronisation. The loops for other two modes are 
subsequently closed after lock has been attained. Obviously we have to consider 
the phenomenon of single frequency synchronisation. The frequency of the free- 
running mode (say, B) will be pulled into synchronism with the external signal 
and consequently the amplitude of the relevant mode will change to B', given by 

B' = B+EooBd (4.1) 

where B is the amplitude of the free-running mode B in absence of the external 
input and B is the amplitude of the external signal at the input to the non-linearity 
and <j> is the steady state phase difference between the external input and the free- 
running mode and is given by 

= (4.2) 

where . fl/27r is the difference of frequency between the external input and the free- 
running mode B and is quality factor of the timed circuit sustaining the mode 
B. In this simple case the analysis of section 3 can be applied. It is to be re- 
membered that .6 is to be changed to B' . Thus the amplitude of the external 
input necessary for quenching of oscillations at other two frequencies can be found 
out from the analysis of section 3. 

In the second case wo assume that the external input is applied to the system 
after internal synchronisation has been attained. Further it wiU be assumed that 
the amplitude and frequency relations of the external input with respect to any 
of the free running modes are such that it does not lock with any one of them. 
In this case also the external input will change the non-linear gains of the regene- 
rative loop (in a way shown in appendix B). As a result the amplitude relations 
among the free-running modes will be altered in order that all the modes can be 
excited. Thus it follows from the discussion of section 3 that the frequencies 
of oscillations of all the free-running modes will be pulled to different values as 
permitted by the bandwidth of the tuned circuits. Analytical expressions for 
the modified amplitudes of the frree-running modes and the different amount of 
detunings for the different modes can be found out from the analysis of section 3. 
It is to be remembered that KZo of section 3 should be replaced by {KZ(,~2M*) 
(see appendix B) whore z stands for either A, B or 0. Thris it is doM that if the 
excith^ fflgnal has such a large amplitude that internal synchronisation is lost 
then it will cause suppression of the internal modes and the output will depend 
entirely on the input sfrength and linear response of the system at the frequency 
of the external signaa, If, howevar, the frequency of the extOTual input is such 
that it lies at the centre of those of any two of the free-running modes and further 
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if Idle linear response of the system at the frequency of the external input is ade- 
quate then there is a possibility of oscillations of the two internal modes in presence 
of the external signal. ^ 

ELIMINATION OP THR1|e FREQUENCY EFFECT 

From the discussion of section 2 it is clter that a loop incorporating a limiter 
type non-linear element will help strong pgnals to build up and suppress the 
weaker ones. But if the not signal is a phfiife modulated one then the compressor 
type characteristics of the limiter will fail i|> be mutually destructive in nature. 
Thus the loop may still remain a regeneratife one depending upon the amplitude 
and phase relationships among the various <»mponents. In this section a method 
has been discussed for converting the loop into a degenerative one with respect 

to the undesired components. f 

'I 

It has been shown in section 2 that simiptanoous oscillations at three froqueu- 
cios can be maintained if the gains at the three frequencies bear certain relation- 
ships depicted in Fig. 4 and the phase relations are such as in a phase modulated 
wave i.e., 

This comes about because the suppression effect of the limiter is practically 
non-existent if the total instantaneous voltage has negligible amplitude variation 
with time and resembles a phase modulated wave. The above suggests a possi^ 
lity of elimination of the weaker components by convOTting the phase modukt^ 
wave into an amplitude modulated one and amplitude limiting the latter. This 
conversion can be effected by means of a non-linear phase shifting network w c 



Fig 8(a) ; 
Fig 6(b) s 
Fig 8(0) J 


All pass lattice section ^ 

Bridged-T equivalent of Fig 6(a) for 
Bridgod-T equivateit of Fig 6(a) for <>1* 
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introduces a phase difference of 180® between the so-called side band oomponents. 
It will be evident that other phase shifter circuits will have to be incorporated after 
the limiter in order to make the total phase shift at each of the frequencies equal 
to a multiple of 2w radians for the loop to be still regenerative. 

The theory of the non-linear phase shifter is outlined below. 

It is known that the total phase shift duo to an allpass lattice composed of 
a parallel resonant circuit in the series arm and constant resistance inverse im- 
pedance in the shunt arm (Fig. 6a) is given by 

where . 2Ki 

= Wo* • 

To obtain an unbalanced equivalent of this network wo apply the technique of 
conversion of lattice into a bridged T (see Fig. 5b). From the study of equation 
(6.1) it is evident that the nature of the phase shift depends on the parameter K. 
Fig. (6) shows the phase shift chaiactoristios obtained with lattice or a bridged 




Fig 6 : Fhase-shifib characteristios of the bridged-T network of Fig 5(a) 

T having = 5/2, 4. It should be pointed out that when is less than 

^3 the form shown in Fig. 5b cannot be used and one has to take recourse to the 
fona shown in Fig. '5c: It riiould Ito mentioned that such phase shift character- 
irtic can also be realised liy active networks consisting of M~^G elemouts only. 
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Now putting a/Ki — x and ^ilKi = qwe have from (6^) 

2**"“ [i+lrii]- - 

j 

Now for converting a phase modulated wav^to a corresponding amplitude modu- 
lated one wo have the condition t 

**• 

where and ^0 are the correspondin^phaso shifts for the components A, 

B and C respectively as they pass through t§e phase shifter and n is the number 
of stages utilised to obtain the required phagi^ shift of n radian. Now comparing 
(5.3) and (5.4) we have ' 

tan {nl2n) tanl^^)- 1 

For 71 = 2, one can write from Eq. (5.6) 

2 . ... (5.7) 

{l+q^—x/)(r4-q^—xc^)—4kx^xc 1— tan^^ ' 

Therefore knowing the values of x_i, x^ and Xq the corresponding value of C can 
be found from Eq. (6.7). 

EXPERIMENTAL SET-UP AND RESULTS 

The experimental sot up is shown in Fig. 7. The regenerative circuit consists 
of three variable gain and variable selectivity amplifiers and a limiter type non- 



iil$o ^bown 
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Fig 8 : Experimentally obtaaned static and dynamic transfer characteristics of a linuter 
type non-linear element consisting of a pair of crystal diodes (1N34) connected back 
to back 

linear element. The input-output characteristic of the limiter, consisting of a pair 
of crystal diodes (1N34) connected back to back, is shown in Fig. 8 and may be 
represented to a fair degree of approximation by 

' 0.42Xi„— 0.16x,«*, *<„ < 1 

Now the gains for different modes were adjusted in such way as to cause the 
loop to break into simultaneous oscillations at three anharmonically related 
frequencies, viz. fj, = 166 Kc/s, = 184 Kc/s and fo = 212 Kc/s. The corres- 
ponding gains at frequencies fj^, /g and fo and their respective amplitudes were 
then measured. Thus knowing the values of the gains 0^, Os and Oc and the 
values of the constant ‘ui’ and ‘oj’ the corresponding values of ‘Kj* and 'Ks' were 
found out from Eq. (2.11). The ratios KsIKji and corresponding CjA have been 
plotted in Fig. 9. Thejequilibrium points, so foimd experimentally, lie within 


rj 


n 


< 0'8 

Cfi 


y ° 0 
<00 0 


oi ei to vz 
■dfi— 


Fig ft t ■tobility diagram (hewing experimentally observed stable points. The 

computod bouiwiiiig curve is showa dotteda 

the region of (amplitude stability found theoretically in section 2 and shown by 
the dotted hoe in the mme figure for comparison. 
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The method of elimmation of ‘three frequency effect’ in a regenerative loop 
oontaining a limiter type non-linear element, aa discussed in section 6. requires 
a non-linear phase-shifting network (see %. 10a) for introducing a phase shift 


10 : Shows one of the two identical 80#ions of the bridged-T phase shifter 
10(a): ll=1.0iCO,M,,i/iC,=4,«oi/iCi4v'l7,Moi=.t/iZuj3,/B=160i:f/j. 

? 5 ' \ 9 

Fig. 10(b): l*=6000.«i,2/Ji:2=4,«o2/ir=^/r7,«02='i/P«i,./js=160Xf/i. 

w o(S 

of 180 botwoen the so-called side-band components and it further requires a 
second non-linear phase shifting network (see Fig. lOb) to ensure that the not 
phase shifts suffered by the different modes in passing through the network are 
even multiples of tt. The complete arrangement of the non-linear phase-shifting 
network with the limiter is shown in Fig. 1 1 . To get rid of the ‘three -frequently 
effect in the regenerative loop, the non-linear phase shifting arrangement (Fig. 11) 
is to be introduced in the loop in the position shown dotted in Fig. 3. 





SHIinnQ ftUSNilffgHT 


S’lg 11 ! Arrangement of the non-linear phase shifting network with the limiter to be intro- 
duced for the elimination of the three-frequenoy-efFoot 

As the components of the signals pass through this non-linear phase shifting 
network, they become incoherent in nature and the regenerative loop containing 
the limiter type non-linear element, will favour oscillation of that mode having the 
highest amplitude before the introduction of the non-linear phase shifter. The 
experiment performed ftilly confirmed the speculation. 

CONCLUSION 

Simultwaeous oscillations at three anharmonically related frequencies in a 
regenerative loop containing a limiter type non-linear dement have been analysed. 
The amplitude relations among the three modes for the co-existence have also 
been found out. Experimental results regarding their amplitude-relations have 
been presented and it has been found that the experimental results are in quite 
good agreement with those of the analysis. A possible method for the elimination 
of the tiuee-ftequenoy effect has also been suggested. The possibility of simul- 
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taneouB oBcillationB at four and five frequencies in such a loop will be considered 
in a future communication. 


ACKNOWLEDGMENT 


The author takes the opportunity of thanking Mr. N. B. Chakrabarti of the 
Institute of Radio Physics and Electronics for suggesting the problem and for 
supervision of the work described. The author is indebted to Prof. J. N. Bhar, 
D.Sc., F.N.I., Head of the Institute of Radio Physics and Electronics for his kind 
interest and providing him with all the research facilities. The author also wishes 
to thank Prof. A. Mukherjee, D.Sc., Head of the Department of Physics, Uni- 
versity of Burdwan, for his kind interest and encouragement. 

APPENDIX 

A.I. Derivation of the loop equations for the case when the tuned circuits have finite 
Q-valiies : 

Let us consider the loop as shown in Pig. 3. The loop equations for different 
modes can be written as 


A = a^(p)TdA,B,C), 

... (A.l) 

B = Oj,(p)Ts(A, B, C), 

... (A.2) 

C = Oc(p)Tc{A, B, C), 

... (A.3) 


where the symbols have their usual significance as mentioned in the text. Now 
we have, 

TAA,B,C)^[X^U 

1 = J_f 1 I 

^a(p) ^^0 1 - j 

where is the resonant angular frequency of the tuned cricuits sustaining the 
mode A, 0^^, is the gain at the resonant frequency and rjr^, ijrj} and rjra are respec- 
tively the instantaneous phases of the modes A, Band C putting p = 
one can write from (A-5) 


... (A.4) 
... (A.5) 
... (A.6) 


1 


Ga{p) 




^A^A 


J * 


where 8 represents an operator in a slow time scale and is given by 

*4 = *^oaIQa 

Hence firom Eqs. (A.1) and (A.7) we have 


and 


(A.7) 


(A.8) 


^ Oj^A- I a, {A»-l-2(B»-i-C*)A-fB*Gcos^ |j -A, ... (A.9) 


i sin^S. 


(A.10) 


« • • 
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Similarly for other modes one can easily write the following equations 


2 dB 

a's ' dt- 

ag ’ dt 


i 


and 


ttj ’ dt 

2 _ dfg 
olq ' dt 


■■ Awj— 2. flg ObqAC sin <l>, 
- Ac«)(;+ j ^ sin 


Comparing (A. 10), (A.13) and (A. 14) with (A.|) one can write 
^ «=? 2 A<i)£— (Aw^4-A<i)c)+A sin {S, 


whore 


A = I BP' ^ +<*0^00 ^ j j • 


\-B, 

... (A.11) 

-c, 

... (A.12) 


(A.13) 


(A.14) 


(A.16) 

A- 

... (A.16) 


B.I. Derivation of the loop equations with the External input : 

Let us consider the loop with the external input E' cos tit. Assuming the 
instantaneous phases of the free-running modes and external input to be as 

••• (B.I) 
and 

t = ... (B.2) 

where ijr is the instantaneous phase of the external signal and 9 is the phase dif- 
ference between the mode B and the external input. The loop equations can be 
written as 

TAA, B, C. E) OAp) = A. ... (B.3) 


, TsiAi B. C. E)+E COB 9= . 


(B.4) 


TdA, B, C, E) Odp) = C, ... (B.6) 

where E is the amplitude of the external at the input to the non-linearity and the 
hther syiribols hive their usual significances. From appendix A one can write 
t^e foliowing expression for Gj,{P), Ob(P) or OdP) 


OdP) 

whmre Z ^ A, B or C. 


2 




0) J 


(B.6) 
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Hence from equations (B.l) to (B.6) one can write 


“ dt 


Ug ' dt 


2 dC_ 
ao ' dt 


and 


M- 1 0,{^»+2(B*+C«+B*)^+B»C' coB^}j~il, 

(B.7) 


8 

1 ' 

iB.8) 

G‘co[ai^?- 1 aa{C^+2{A‘+B»+E^)C+B>A oos^i}] -C, 

(B.9) 

< ' 2A6>j|} — (A co^-j- A c0(7)“|- jST 8m 

ut 

... 

(B.IO) 


. * • 

(B.11) 


where 0 is the instantaneous phase difference between the free>raiming mode and 
the external input and aj^n is instantaneous difference of frequency between 
them. Putting 


• -o ... (B.12) 

where Z — A, B ot G. 

We have from Eqs. (B.7), (B.8) and (B.9) 

I . ^ .cos^}], ... (B.13) 

L. ^ (^(3>BoB[ii^5o-{B»+2(.4»+f7*+B«)+240coB^^ ... (B.14) 

^ OjOcoC? [Keg- { C7»+2(4*+B»+B*)H-B*^ cos^J] . ... (B.16) 
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VELOCITY OF ULTRASONIC WkvES IN SOLUTIONS OF 
ELECTROLYTES - h COMMENT. 

M. SURYANARAYANA* 

Dept, or Physios, Nizah Golubob, Hyderabad (A.P) 

(Beceived February 4, 1963) 


An equation for the velocity V of ultrasonic wave in a solution of an electro- 
lyte of density p was derived by Satyaprakash and Srivastava (1958), abbre- 
viated as S S hereafter. According to this equation, (Fp)' of an electrolyte 
solution should vary linearly with /i, the ionic strength of the solution, the gradient 
of this linear variation remaining the samo for different salts of the same valency 
type. They supported their theory by considering the velocity and density data 
given by Mohanty and Deo (1965) for zinc and magnesium sulphate solutions. 

In their treatment, 88 have made use of a simpler expression for the potential, 
^t, of an ion wliich is valid only for very dilute solutions. Using, however, a 
more elaborate expression, 


ifrt — ~4~ 


D 


1-frK 


one can, following the senne treatment, arrive at the equation, 

” {Wji (2i)* ( ) 

where r is the mean radii of the ions and A and B arc constants, the rest of the 
symbols having the same meaning as given by 88. For aqueous solutions at 
room temperature, the value of B is 0.33 X 10*. Taking the ultrasonic velocity 
data of sodium chloride sdlutions given by Weissler and DelGrasso (1951) and 
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making use of r = 2.2 A.u for this sttlii, it is found that the graph of (Fp)^ vs 

/ ,)* is a ourve even from the lowest concentration and not a strai^t 

\l+5r/t*/ 

line as required by the above equation. This prranpted the authca to verify 
the original equation of B8 with regard to diher electrolyte solutions. 

Ultrasonic velocitiei for various aqueous solutions of electrolytes determined 
by Mohanty and Deo, Weisrier and DelGraaso, Marks (1960) and the autiior 
(1962) are considered aini it is found in all these cases that (Fp)* varies linearly 
as the ionic strength the solutions but in no case the corresponding gradient 
for this linear variation is nearly the same for electrolytes of the same vrienoy 
type. 

Mohanty and Deo have recorded the concentration of zinc sulphate solutions 
in molal and that of magnesium sulphate in twice molal. This fact was not taken 
into account by 88 in using the data to support their theory and hance, by sheer 
coinoidejucei they obtained the same gradient for the linear variation of (Fp)^ 
with the ionic strengths of these two solutions. 

It is now a well established fact (Suryanarayana 1962) that Fp, the specific 
acoustic impendance of aqueous solutions of electrolytes, varies linearly as the 
normality of the solutions with different gradients depending oii the ionic radii. 
Thisriiows that at least for strong electrolytes of uni-univalent type, (Fp)l 
cannot at the same time vary linearly as p, much less have a common gradient. 

The various factors mentioned above show that the theory proposed by 88 
need a revision and is engaging the attention of the author. 
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PREPARATION AND CRYSTALIOGRAPHIC STUDIES OF 
STRONTIUM PLIPTONATE 

D. M. CHACKRABURTTY aij N. C. JAYADEVAN 

RiWOOHBMISXEir AND ISOTOPB AmON, AlOMIo ENIiROY 
ESTABtMHMBHT, TbOI^Y, BoMBAY ' 

{fiectwed 11 , 1964 ) 

Although complex oxide systems of plutoiuum with divalent metal ions have 
been found to bo possible in number of cases (Russell c< ol I960; Chackraburtty 
d <d 1963), yet so far no difinito crystallographic studies have been reported about 
the complex oxide system of plutonium with strontium ion. 

Specpure strontium carbonate was heated to its oxide, which was mixed with 
freshly prepared plutonium dioxide in the ratio necessary for the formation of 
SrPuOj and finally was heated to ISOO^C-ISOO'C in tantalum crucible in a resis- 
tance furnace similar to that described by Drummond e< al (1957). The diffrac- 
tion patterns of the samples were taken in a 19 cm. Unicam camera in copper 
radiation. In addition to diffraction linos due to unreacted plutonium dioxide, 
extra lines were noticed which could be partly indexed by a cubic cell. By assum- 
ing simple shear of the cubic cell leaving ‘a’ and ‘c’ axis equal but ‘6’ axis slightly 
different, a monoclinic cell was obtained which could explain the data ivith a 
0 = 4.280 ± 0.006A, h = 4.276 ± 0.006A, c = 4.280 ± 0.006A and /? = 92“ 28', 
having one formula unit per cell. The substance was found to bo isostructural 
with CaTiOs (Megaw 1946, Naray Szabo 1943). (Seometrically, the above lattice 
so obtained could have ortho-rhombic symmetry and could be referred to a new 
a and c axes which were the diagonals of the (010) face of the monoclinic cell. The 
orthorhombic odl, derived &om this consideration, has the following values : 
a » 6.980 ± 0.006A, b = 4.276 ± 0.006A and c = 6.114 ± O.OOOA. The V face, 
in this case, appeared to be face-centred. , Indexing of the lines could be done 
on this baas, and from the consideration of symmetrical lattice obtained, the 
present (orthoAombic) indexing seems to be more preferable. For comparison, 
indexed dsta on monodinic and orthorhombic cells are presented in Table L 
6peotrophotometrio studies indicated the valency of plutonium in IV.state, hence 
it was concluded that strontium phitonate wiA a molecular formula SrPuO, 
was a complex oxide system in Ae group of perovakite compounds. 
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TABLE I 

Date for SrPuO* (A=1.6418 A) 
Orthocholubio unit cell is derived from monoclinio cell 


dA^ 

qo^XlO;^ 

qc« X 10“< 

4.278 

325 

325 

3.046 

641 

636 

3.016 

645 

650 

2.982 

668 

664 

2.498 

954 

961 

2.461 

981 

989 

2.133 

1306 

1300 

1.756 

1926 

1922 

1.739 

1977 

1978 

1.536 

2536 

2544 

1.512 

2601 

2600 

1.497 

2656 

2653 

1.350 

3260 

3250 

1.281 

3619 

3617 

1.186 

4224 

4225 

1.137 

4598 

4592 


Monoclinio 

indexing^* 

hkl 

Orthorhombic 

indexing^^* 

hkl 

Intensity 

100 

010, 101 


101 

002 

v.w. 

Oil 

111 

V*8a 

101 

200 

W* 

iir 

012 

W“ 

111 

210 

w. 

200 

020 

m+ 

2ir 

113 

m. 

211 

311 

m+ 

202 

004 

w. 

022 

212 

m.w. 

202 

400 

m.w~ 

031 

131, 313 

m+ 

311 

412 

v.w. 

032 

323 

w. 

321 

422 

w. 


•For unreacted plutonium dioxide the following d(A) values are obtained (in brackets 
estimated intensities are given) : 3.U2(m+) ; 2.69S (w) ; 1.910(m+) ; 1.628 (m) ; 1.558(w~) ; 
1*239 (w) ; 1.208 (w) ; 1.104 (w) ; 1.039 (w-) ; 0.913ai, (w+) ; 0.855ai, (w) ; 0.824ai (w). 
These lines could be indexed with cubic cell a =5.40 A (fluorite type). 

♦♦For monoclinic indexing, as a^=b^=c^, by equivalence number of hkl mdices are 
possible for many of the indexing planes. 

♦♦♦From the indexed data in orthorhombic case, the possible conditions limiting the re- 
flections, are, for hkl planes, h4-l=2n present; hoo planes, h=2n present and 001 planes, 
l»2n present. This could indicate a B centred lattice. 
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PHASE TRANSFORMATION IN ^BIUM ETHYL SULPHATE 
SINGLE CRYSTAL WITH LOWe|uNG OF TEMPERATURE 

T. MOOKh|iRJI 

PEiratos Labobatoby, Thb UsivsBAnik of Btodwan, W.B., Iin>iA 

I 

In course of investigations on the magnetic behaviour of rare earth (Mookherji 
1949) and iron (Bose 1948) group of ions in Irystals,' considerable change of the. 
direction of the principal magnetic axes with Change of temperature was observed 
in several monoclinic crystals. A change of -orientation as largo as 83.6 degrees 
for a change of temperature of 100®K was observed in the case of Pra(S 04 ) 3 , 
SHaO crystal, (Mookherji, 1949) having a magnetic anisotropy of 26% of the 
mean succeptibility. The earlier workers however, did not detect any change 
of the direction of the principal magnetic axes in hexagonal, tetragonal and 
trigonal crystals. Wo also had not so far detected any such change with hexa- 
gonal crystals like neodymium ethyl sulphate. Hence it is of considerable interest 
to find very recently a change of ~76“ in the setting angle (Table I) with single 
crystal of Er 2 (C 2 H 5 S 04 )j 18HjO, belonging to hexagonal class having 9% magnetic 
anisotropy at 300°K. 


TABLE I 

Magnetic Aniftropy A^, change of setting angle and mean moment /t 


T*K 

300 

260 

200 

160 

100 

80 

AX.10« 

8226 

6227 

8800 

16124 

32600 

46227 

1* 

8.847 

8.660 

8.197 

7.809 

7.299 

7.078 

Ohaagein 

Setting 

0 

8.1* 

16.7* 

67i8* 

73.2* 

69.0* 


Measurements on the magnetic anisotropy, A^ = (^i— Xu); where %\^\ 
represents gram molecular susoeptibilii^ along hexag<mal axis of the crystal and 
Xi that TMW T"*! to it and the change in setting angle were carried out by a modi- 

t!87 
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fication of Stout and Griffers (1960) method; and the mean magnetic moment 

ft as by a modified Curie balance (Bose et d., 1963). Tmnperatnie 

O 

control for Hx measurements was affected by a thermostatic device due to Bose 
(1948). 

Jordahl’s theory (1934) to explain this change of the direction of the principal 
magnetic axis can account only for a change of about 6 degrees where the 
difference of temperature is about lOO^lL, and that too only in cases of 
symmetry less orthorhombic. 

Following Bose et al (1957) if this change is attributed to the instability in 
the crystal structure brought about mainly by anisotropic thermal expansion 
of the crystal, it may be concluded that there is a gradual change of crystal struc- 
ture,; from on phase to another within the range of study as there is no unexpected 
thermal variation in the magnetic anisotropy (Table I). Table I further shows 
that A;t and at 300°K have almost the same values as those obtained by 
Krishnan and Mookherji (1938) for the same crystal. 

When the crystal was suspended with its hexagonal axis vertical no appre- 
ciable anistropy at 300®K was observed as is expected of a hexagonal crystal 
However an appreciable anisotropy (1.0%) was observed at 80°K. The setting 
angle also changed continuously with temperature. All these go to support our 
view that the symmetry of the crystal was changing from hexagonal to either 
monoclinic or tricMc with the change of temperature. 

In order to ascertain whether this gradual phase change is of permanent 
character, measurements were first taken on A;^ in direct order (i,e. from 300°K 
to 80®E1) and then in reverse order (i.e. from 80°K to 300®K). The anisotropy 
followed the same path suggesting that the rate of change of phase is the same 
in both the (mder i.6. there is no lag in the transformation. 

Details will be published elsewhere. 
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THE EFFECTS OF GAUSSIAN NOISE ON THE FRE- 
QUENCY RESPONSE CHARACTERISTICS OF A 
NONLINEAR FEEDBACK CONTROL SYSTEM 

ASTIVr K. SEN 

Insti'H Ti: or Kauio PrrYSK-s and KuE("nw)Ni<:s, Univeksth or Caiatitta 
(h'rn frrd S( jtirtuher 15, l‘RI4) 

ABSTRACT. In this [)a,prr, ii. (jUtisi-liuranKalion Hn'RiiKpn' is (l('ss<*ri!)ril wbirh ^ivos 
iL |>anim(‘i( r lor a|)|)i oMiii.iIrly n proscutiii^^^ rriemDiy-t yp<‘ rioiiluii'firily on Uio h.isis ol’nn 
iiijKit coni ii sinusoi(l;il si^ruil niul u (biiissian ikuso willi vmJu** /(‘ro. '^Plu' piim- 

mc'tt'r 1.". Ifi'iurd S‘oiiipl<*\ »MjUi\ ji-lcut ^.on’ and this is iisod for in\ rsl igatiri;^ tlio oMocts of a 
(jiiinxsiun iLoiso on lla* in’((n<’iicy rr.sponst' rliavact-orist i«‘s of a stM.I>Io ft'f'dback ooulnd system 
jjv'orpoivitiii^ (lir jjoiilinranl y. A sim])lo w<*on(l-ordor 2 )osition control sysl('ni witli hafk- 
lash in tlio ont])id conjiliiiir is considiTod as an (‘vainpio and llio rt'sulls ol)taiiu‘d ar<‘ v(‘rifu*d 
oNpi'nriicnlfdly with I ho iu'lp nl‘ an rliMdronu* analogiu' <'omi)iiter. 

I X T It () 1) I’ (^'r I () X 


Wlddi llu‘ input of a staiih' fc(‘.'ll>apk control systi nt iucoi‘poratinc a intunovy- 
typc nonliiK'arity is suhjt'cpMl to a sinusohlal signal. tlu‘ tV(‘aii<‘ncy ivsjvmst^ 
charao|r‘risti(*s of 1li(‘ systiuii can he (l(‘tcrinin(Ml approximately liy tin* use of 
lincansatidii l(•^•lllli(|ll('.s (SU'iii and Thalor IDdS, Sen. l!Hi4). In Ihn aitplicatinn 

(il tlu'Sc a (juasi-lincai'isf'd tran.-diM' iuiuaioJi i>< nsad tn ra])rosi'nt tin* 

iioiilincaf ch'inciit in tiic systrin which is called 'cninplcx ih'sciihiii^ fiinctiiai . 

Bill, when the injait nl' the nonlinear systeni considered heeoines eontanii- 
nated with a (lanssian noise' tlien it is found tliat all tin* ])ai'a]ne1ers u1 the tie- 
((ueney response characteristics, namely, the handwidth. resonant Irceiuency 
ainl the height td’the I'esonant ])eak prcv'iously obtained lor a particidar value, ol 
the inipressial sinusoidal amplitinh', change considerably. This is due t-o the 
fact that the transmission properly of the nonlinearity alters dm* to the ])resenco 
of the noi.s<‘. Tn this imper, an analytical method will be proi»osed for inve.sti- 
gating these effects of the (Jaus.sian noi.se on the fr(‘(niency res])oiise characteristics 
of a memory -type noidinear system, where the nonlinearity considered is assumed 
t(* be amplitude-sensitive alon*'. Tin* importance of this investigati(ni arises fiom 
tin; fact that the inputs of all practical control systems are usually contaminated 
with such external disturhances. 

Ill onltT to carry out tlu^ above analytical investigation, a (piasi-lineaiisation 
t(;chni(iue will be adojtted in which a b omplex eciuivalent gain' (Sen, lilbo) will be 
obtained for making an approximate reiiresentation of the nonlinearity under 
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the assumption that the input is composed of only a sinusoidal signal and a 
Gaussian noise witli mean value zero. An outline of tln^ proposed quasi-lineari- 
sation technique has bcnm presented in the following section. 

THE PB OPOSE D Q U A S I - L I N E A B, T S A T 10 N TECHNIQUE 

When a linear element is subjected to an input consisting of a sine wave and 
a Gaussian signal of mean value zero it is found that the response of the element 
will also contain only the components of the input signal and the original shape 
of the input wav(^ will b(^ maintained at the output. But, when the element 
becomes nonlimvar, distortion will appc^ar in the shape of the output wave and it 
will become difficult to make any rigorous analysis of the response of the element 
in this case. Howev^er, it can be seen tliat. for the assumed input, the response 
of the nonlinearity can be separated into two parts — one representing the cor- 
related component that exactly reprodm^es the input sp(^etrum, while the remainder 
is called tiu^ ‘distortions’ comprising the harmonics and intermodulation compo- 
nents and then a quasi-liiu'arisation t(H-hni(juo can be adopted to make an approxi- 
mate representation of tlu^ nonliiu^arity. The use of this linearisation tecdiniquc 
assumes the presence of only the (torrelatofl (component at the output and defines 
a quasi-linearised transfen* function for the. nonlinearity that relates the input 
to the output (?orrelat(‘fl component. For the case of nonlinearities that involve 
memory, ])hasc-shift will be introduced to ea ‘h of the» fre(|U(ui(‘y (jomponents at 
the output and thendon^, in such cases, the (piasi-linearised transfer function 
obtained for the rionlim'arity becomes a complex quantity and juay be (jailed 
V/Omplex equivalent gain’. The magnitude of this complex equivalent gain is 
given by the ratio of the r.m.s. value of th(‘ output correlated comj)onent to that 
of the input, while the phase is assumed to be frcupiency-independent. The 
above definition of a '(jomplex equivalent gain’ has been made for a memory 
typo nonlinearity under tiu* assumjdion that the components of the signal 
assumed at the input (»f tht^ nordinearity lie within a narrowband frequency 
spectrum. 

In order to determine the phase function attributed to the quasi-linearised 
model of the nonlinearity, tlu? simple procedure as outlined below^ is to be adopted. 
Consider a nonlinear element (Fig. 1), the input of which is impressed upon by a 
signal z comprising a sine wavtJ sin o^ct and a Gaussian noise z^ having 

mean value zero and variance If the component of the Gaussian noise is 

00 

expressed in the form — 2 sin whore describes the power 

«=o 

spectrum of the noise and is randomly distributed with a uniform probability 
distribution from 0 to 2n, then, neglecting the harmonics and intermodulation 
components, the approximate output of the nonlinearity can be written as : 

y == I H{(r) 1 [A^ sin {o^«+/9((7)}+S sin ... (1) 

ns*o 
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where [ H{(t) \ is the magnitude and d(<T) the phase of the complex equivalent 
gain defined for the nonlinearity. Tn order to attribute the proper sign to the phase 
function 0{(t). it should be rcunembenid tliat^^(cr) is negative for those nonlineari- 
ties that introduce a lagging phast>-sbift to the output frequency components for 
a sinusoidal input, while it is positive for those introducing a heading [)haso-shift. 

Now, the difference between tlie approximate output and tlie input multi- 
plied by tlie magnitmle of the- c<nnplex equivalent gain is given by 

<’■ - y-\ I s ; 




o(<r) 

2 





cos i (.)„/ I <j)„ t I j 


or, tho rins value of tlio ({uantity r is givtui by 

rr,. ^ 2 1 U{(t) 1 0-2 sin 


( 2 ) 

(3) 


whence ~ 2 siir > ... (4) 

wlioro 0*2 represents tlie mis value of the total signal at the nonlinearity input. 

In practice, however, as the luagnitude of the complex (Hpiivalent gain defined 
for th<^ nonlinearity, cannot be easily determined, an a])proxiinate measure of the 
parameter can be obtained by taking the ratio of the rms value of the actual 
output to that of the input of the nonlinearity. Evidcuitly. this im^asununent will 
give a somewhat increased value of the parameter \H(fT)\ due to the presence 
of tho distortion components at the output of tlu' nonlinearity. 

Thus, the procedure for having an ajijiroximati^ measure of the comiilex equi- 
valent gain of a memory-type nonlinearity for the assumed injiut can be summarised 
as follows : 

(1) The rms values of the injmt and the output of the nonlinearity are first 
measured and then the parameter l-ff(o') j is compiitcMl for different rms values of 
the input. 

(2) The rms values of the quantity e are measured for different values of the 
input by arranging the set-up as shown in Fig. 1, each time using proper value 
of the quantity li/(cr)| obtained from tho procedure in step (1). 


Fig. 1. Set-up for measuring the phase of complex equivalent gain. 
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(3) Finally, eqn. (4) is used to compute the paraim^ter 0{(t) of the complex 
equivalent gain. 

For different values of the quantities and (tJS the comphix equivalent 
gain of a simple backlasli as measured by the above method is presented in Fig. 
2, where S represents tlu^ backlash half-width. 



\ 3 ^ 






Fig. 2. Thcj complex equivalent gain of a Himj)lo backlash. 


APPLICATION O THE P li O P O S E O QUASI- 
LINEARISATION TECHNIQUE 

Tn the preceding section, a quasi-linearisation technique has })e(‘n (h»v(‘lo])(ul 
which yields a ‘complex equivalent gain’ as a parameter for approximately r<qjre- 
senting a memory-type nonlinearity with an input function comprising a sinu- 
soidal signal and a Gaussian noise with mean value z(U’o. Wlien tlu^ nonlin(‘ar 
element considered occurs as a part of a feedback system u hich is also subjected 
to a similar input, the applic^atioii of the quasi -linearisation teclini(|ue is facili- 
tated by replacing the nonlinearity with the ludp of tlu^ quasi-linearised gain and 
tlien the analysis is carried out by obtaining two separate linearised versions for 
the over-all nonlinear system — one for the sinusoidal i)ortion and the other for 
the Gaussian component of the impressed signal (Sawaragi ami Sugai, 1959). 
The justification in using the two separate linearised systems for the analysis can 
be seen from the fact that, in either case, the effect of the rcunaining signal simul- 
taneously present in the system is included in the quasi -linearised gain obtahuMl 
for the nonlinearity. Though the presence of the nonlinearity will destroy the 
nature of the signals impressed upon the system, but it will lx* assumed thfit the 
signal fedback to the input of tlie nonlinearity will contain only a sinusoidal and 
a Gaussian component, and, possibly, this assumption will be justified in practice 
because of the narrow-band characteristic of the feedback system. 


A pOkSition control system with backlash 

Consider a position control system as shown in Fig. 3, incorporating backlash 
in the output coupling and is subjected to a sinusoidal and a Gaussian signal at 
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the point in the loop as indicated in the figure. Assuming the signal at the input 
of the nonlinearity to contain only the components of the impressed wave, the 



Fig. 3. A position control system with backlash. 

application of the quasi -linearisation technique^ yields the two lim'arised versions 

of the nonlinear system as presenti^cl in Figs. 4(a) and 4(b). 

* ? 







Fig. 4(a). Tiuj lincarisiMl vcjrKion of tlie position control system for siimsoidal 
pnrt.ion of t ho iiaprossocl inptit. 



Fig. 4(b). Tho linoariseci version of the position control system for 
(hmssian component of th(' iinpressod input. 


(h)nfining our attention to tho evaluation of the frequency response character- 
istics of the nonlinear system at the point alone, we get from Fig. 4(a), 


nmyw) 

1 \H{cr)G(^w) 


while Fig. 4(1)) gives 


^22(5) ^p(«) • 


1 +7/(0-) Q(s) 


... (r>) 


( 6 ) 


where ip'Z.,{s) represents the conipl(*x frequency 8i)ectrum of the Gau.ssian noise 
assumed at tho point s, which is tho input of tho nonlinearity and is tho 

eoniplox frequency spectrum of the impressed noise. Of the above two equations, 
it can be readily soon that tho first equation gives the required frequency response 
characteristics of the nonlinear system for different a&sumed values of the ampli- 
tudes of tho sine wave and also the Gaussian noise at the input of the nonlinearity, 
while, with the help of the second equation, the rms values of the impressed noise 
are computed in terms of tho rms noise present at tho input point \Z' of the 
nonlinearity. 
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THE USE OF NICHOLS’ CHART 

When th<i tratisf er funetions for the linear and the nonlinear part of the system 
considon'd are giv(Mi as plots on iht^ eonventioiial magnitude -phase plane (shown 
in Fig. 5), tlu‘n tli<‘ frefjuoncy resimnse characteristics of the closed-loop system 



Fig. 5. T\n^ magnitude-phaso pljuio plots of the transftu* funoiions for the linear and the 
nonlinear parts of the poHiiion control system. 


as given hy e(pi. (5) can bo easily determined by the use of Nichols’ chart. Two 
difftuvnt approaches (?an be followed in using the chart as outlined below ; 

(a) In one approadi, the given loci on the magnitude-phase plane arc first 
utilised to obtain different families of curves for the combined transference H{(r) 
G(jco) of th(^ linear and tlie nonlinear com|)(ments of tlie system, eacli family cor- 
respoiifling to a particular value of the rrns noise at the input of the nonlinearity. 
The procedure for obtaining these tamilies of curves for the combined transfer 
function can be explained as follows : 

Tf the magnitude of the quantity H((r) 0(j<^) be expressed in decibels and its 
j)ha8e in degrees, then denoting the respective quantities as and wo 

have 

= |HWI+I«(»I 

■ r«iTT 

and 

Qu^^-IH{<t)YIQ(3u,)\ 




... ( 8 ) 


Since the values of the quantities 




andj 


/ directly ob- 


tainable from the loci of l~ magnitude-phase plane and 
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are known for the values of the parameters AJS aiul marked on these loei, 
substitution of those values in the above equations gives thc^ values (d* both 
the magnitude and phase of tlie combined transforenc'c for diilerent values of 
the frequency, and thus, the required familiesof curves arc ol)tain(‘d at different 
selected values of and each curve being graduated with different values 
of the frequency. 

For a particular selected value of the rmsiioise (T^JS and with different values 
of as a parameter, the family of curves l&btained for tiie (‘ombined trans- 
ference are now superimposed on the contour System of a Nicliols’ (!hart and the 
points of intersection of those curves with the! contours on the Nieliois' eliart are 
noted which give the frequency response ehaifceteristics for the traiuder fuiu tion 

B l + 'H{cT)a(jw)^^' 

at the selected value of cr^JS and for the different choscui vahu's of A^jS. 

The same procedure as outlined above is tluui followed for difterc'ut selected 
values of 

Knowing the frequeiu^y response (*haract('ristics for tlu' transhu’ fuiudion 
AjB wdth the help of the Nitdiols’ chart, the frecjuem y n'S])()nsi‘ elniracteristies 
of the system given by eqn. (5) can now be (easily coiuput(‘d aiul this t an he done 
by determining the valiums of the paramet<‘r //(cr) from Fig. T) at tlie diff(*rent 
selected values of cr^JS and A^l^ and by substituting those vahu's in th(‘ relation : 


A \ 

R ~ B ^ I{{<t) 


( 10 ) 


(b) In the other appr(»ach, on the other hand, as suggestivl by Shun and 
Thaler (1958), the (jontour system of the Nicdiol’s chart is superimposed on the 
given plots of the transfer functionof the system, locating its origin on the sidected 


values of or^lS and A;^ld as marked on the j^— lesults 

as represented in eqn. (9) are obtained by observing tlu^ points of intersection 
between the chart-contour and the locus of the given linear transfereiu^e G(jir) 
of the system considered. It should be noted, however, that though this latter 
approach will be useful only when the Nichols’ chart is avuiilable as (contours 
drawn on a transparent template, but it will be more l onvtuiient bo(‘ause of the 
fact that the laborious computation of the families of curves for tlie combined 
transference H{cr) 0{jw) will not be required in this case'. 


AN EXAMPLE OF A SEOOND-OKDER SYSTEM WITH 

BACKLASH 


If the position control system considered in the preceding section be of second 
order with its linear part having the transfer function G(jw) = KJjwijwA 1), 
then the family of curves for the combined transfer function Hicr) G{jw) obtained 
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at a solected value of or„/tf and superimposed on the Nichols’ chart will be as shown 
in Fig. 6. Taking the value of the velocity error constant — 0.5, the amplitude 

/6 

J£ 


4 

0 

■4 

-S 

^/e 

PMS£ JM D£6fi££S 

Fig. 6. Tlie lo(*i of the eombinocl transfer function for linear ajvl nonlinear coTnuononU 
of a soc'ond-order systom Btiperimposod on the contour system of a Ni(‘hol8’ chart. 

and the phase response characteristies of the system haves Ix^en evaluatc^d for 
different chosen values of erjd and AJS and the particular characteristic's obtained 
for (Tnl^ — 0.5 and for a s(^t of selected values of A;,IS arc presented in Figs. 7 
and 8, n‘Spc(^tiv(dy, wh(T(i AzjAf^ n^presents the amplitude responses and (f)^ the 
phase r(5sponse of the systcmi at the point Z, With the help of thes(^ (^hara(d;eristics 
evaluated at different constant values of A^/S, tlie freqiiem^y response eliarac- 
teristi(?s of the system can be easily determined for different constant values of 
the amplitude? -4;^/^ of the sinusoidal signal iinpress(?d upon the systeju and this 
can be done by first (l(?signating at each position of tlu? amplitude response charat?- 
toristios obtaineil above with the proper value of .4^^/ and tlien drawing the locus 


a'^/6^0’5 



0^ O’J 0’S 
a M MOAMS/Sse " »■' 


Fig. 7. The amplitude response charactoristics of the second-order system for =s 0.6 
and for Az\b == 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.6. (The dotted curve shows the corres- 
ponding amplitude response characteristics for 





The Effects of Gaussian Noise an the Erequencyt etc. 697 

of constant on these characteristics. This is illustrated, in Fig. 7* Knowing 
from the figure the values of w and AJS at different positions on the constant 



Fig. 8, The phase response charactoristies of the second-order system for aJS — 0.6 and 
for Aila - 0.9, J.O, 1.1, 1.2, 1.3, 1.4, X.5. 



0-t tht 03 P'S to 

a m RADiANS/Se 


Fig. 9. The amplitude response characteristics of the second-order system for Ajja =* 0.6 
and for ar«/8 = 0, 0.5 and 1.0. 

- analytical values 

^^experimental values. 



O’/ O’O 00 oo to 
oa » JMOJMm/see. ► 


Fig. 10. The phase response characteristics of the second-order system for A nth « 0.6 and 
for cr„/5 = 0, 0.6 and 1.0. 

- analytical values. 

(^experimental values. 


2 
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AjilS locus, the corresponding phase response characteristics of the system is then 
determined with the help of Fig. 8. Thus the amplitude and the phase response 
characteristics of the system are determined for different constant values of Aj^jd 
and the characteristics evaluated at Aj^jS = 0.6 and for a set of selected values 
of orjd are presented in Figs. 9 and 10, respectively. 

Since, in the present system considered, the noise impressed upon the system 
occurs at the output point (7, the rms values of the impressed noise corresponding 
to the different selected values of the rms noise at the point Z are to be deter- 
mined and this will be done by the use of eqn. (6). Substituting the expression 
for 0{jw)y eqn. (6) can be written as 







Therefore, for a particular input spectrum given by 


( 11 ) 






cogra 

— jw+wo 


( 12 ) 


where s — jw and og is the half-power frequency and n the low frequency ampli- 
tude of the noise spectrum, the normalised values of the impressed rms noise in 
terms of the rms noise at the point z are obtained from the relation : 


Zo =?» - / I &) 

8 8 y \ K„ 



... (13) 


Since the parameter H((t) in the above equation is determined by the values 
of both (rJ8 and A^jd, a set of curves are drawn for the particular system consi- 
dered by plotting the different values of as abscissa and the corresponding 
values of cr^lS as ordinate and taking the values of A^jS as a parameter. This is 
shown in Fig. 11. With the help of these curves, it will be possible to obtain the 
values of (TuIS corresponding to the selected values of crJS and AJS in the above 



Fig. 11. The plots of O’t/Zd vs. cr^/5 with different values as a parameter. 
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analysis or, conversely, for a given value of aJS, the values of crjd and A^/Sc an 
also be selected with the help of these curves. 

COMPUTER STUDY 

In order to have an experimental ched|i: on the results obtained analytically, 
the nonlinear system considered in the eiljiample, is simulated on an electronic 
analogue computer and the arrangements ai shown in Fig. 12, is made for measur- 



Fig. 12. The experimental arrangement for measuring the amplitude and phase response 
characteristics of the second-order system with noise injected at the nonlinearity 
input. 

ing both the amplitude and the phase response characteristics of the system for 
different values of the rms noise present at the point Z in the system loop. 

In the arrangement, the block A is the simulated system, under investiga- 
tion, whore the output terminal represents the point Z in the system loop at 
which the frequency response characteristics are proposed to be evaluated. The 
block B represents a feedback filter unit having a very narrow pass-band around 
a centre frequency equal to w* and the centre frequency is ganged to the fre- 
quency of the oscillator supplying the sinusoidal signal impressed upon the input 
ofthe simulated system. The filter unit will be used in conjunction with an 
oscilloscope for detection of the condition of balance of the fundamental 
component of the impressed sine wave present at the output of the simu- 
lated system. 

The procedure adopted for the measurement can be outlined as follows : 
First of all, the amplitude of the sine wave of a particular frequency and also 
the rms value of noise impressed upon the system is set at the selected values 
and then the fundamental component appearing at the output of the simulated 
system due to the impressed sine wave is balanced oUt by the addition of suiteble 
fractions of the in-phase and quadrature -components of the same siilusoidal signal 
and the balance is detected with the help of the osciUoscope. As the output 
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point of the simulated system will be contaminated with noise, the point of exact 
balance will not correspond to zero output of the filter unit, but, instead, a low 
frequency noise component will appear on the oscilloscope duo to the finite band- 
width of the filter. However, the adjustments could be made such that the 
departure from the point of balance could readily be detected for a few millivolts 
change in the fundamental balancing signal from the value at which the balance 
is obtained. Finally, the amplitude values of the in-phase and the quadrature 
components of the fundamental balancing signal corresponding to the point of 
balance are noted and these are used for computing the required amplitude 
and phase response of the system at the particular value of the frequency 
of the impressed sine wave. 

The above procedures are then repeated for different frequencies and at 
different selected rms values of the impressed noise and the r(\sults obtained 
are presented and are indicated as circles on Figs. 9 and 10. 

CONCLUSION 

The quasi-linearisaiion technique described in the first part of this paper 
has boon found to bo useful for investigating the effect of a Gaussian noise on 
the frequency response characteristics of a feedback control system incorporating 
a momory-type nonlinearity. As a graphical aid to the evaluation of tho closod- 
loop equation for obtaining the frequency response cliaracteristics of the system, 
Nichols’ chart has been used and the two possible ways of using the chart have 
been outlined. It has been observed that, by assuming tho Gaussian noise to be 
impressed at the input of tho nonlinearity, tin; effect of the rms noise is to decrease 
both the amplitude and the phase response characteristics of the system at tho 
lower frequencies, while increasing them towards the high frequency end of the 
characteristics. The experimental results obtained from a conqmter study of the 
system are found to corroborate the above observations. 
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DETERMINATION OF THE DIELECTRIC CONSTANT 
OF A TUBULAR MATERIAL AT 3KMc/s 

S. K. SEN, J. BASE* akd A. K. GHOSHAL 

IN8TITOTJS or Radio Physics & ElLBCiiBomcs, Univeusitv of Calcu'cta 
(Received ReptembKr 22, 1964) 

ABSTRACT. The paper describes two methods for detormining the rosonont behaviour 
of cylindrical cavity with a tubular diolwtric nufti'rial introduc-od coaxially in it The first 
method tends to give the exaiit value of the dielectric constant of the material The second 
one, based on a perturbation theory, yields somewhat apfiroxim vto residts 

Experiments carried out at a microwave frequency of .3 KMc/s on two tubes of Pyrox 
glass, show that the inaccuracy in determining the dielectric constant arising out of the 
approximation inherent in the perturbation theory, is, in these cases, so small as to bo com- 
patible with the inaccuracy duo to experimental limitations 

INTRODUCTION 

The troatmont on the resonant behaviour of a cylimlrieal cavity when partially 
filled with a solid dielectru; rod, has been given by Horner et ul (1946). With the 
help of this, an exact evaluation of the dielectric constant of the rod specimen 
can bo made by solving the transcendental equation relating the dielectric constant 
and the resonant frequency of the cavity with the rod placed coaxially inside. 
An approximate analysis on the basis of a perturbation theory was also presented 
by Slater (1946), with whicli the dielectric constant can be measured from the 
change in resonant frequency of the* cavity with and without the specimen. This 
analysis can be utilised to measure tlie dieiectrii; constant of a fluid (liquid, gas 
or plasma) in a tubular container (Biondi and Brown, 1949); the evaluation of the 
dielectric constant of the contanor is not rcijuired. For an exact evaluation, 
however, it is necessary to determine the dielectric constant of the container. 

In the present work the treatment developed by Horner et al (1946), as weU 
as the approximate analysis given by Slater (1946), valid for a solid cylindrical 

dielectric, are extended for a lossless dielectric in the form of a tube. These 
methods have been used at a miiirowave frequency of 3 KMc/s to measure the 
dielectric constant of two pyrex glass tubes, subsequently to be used as plasma 
containers. 

THEORETICAL CONSIDERATIONS 

The cavity is operated in the lowest frequency mode i.e. TMo,o motle. The 
boundaries of the cavity are assumed to be perfectly conducting. 

• Prosont Address : Saha Institute of Nuclear Physios, Calcutta , 

601 



602 


8. K. 8m, J. Basu and A. K. Qhoshal 


(a) Exact solntion 

Maxwell’s equations valid for the interior of the cavity are, in cylindrical 
coordinates (z, r, 0), : 


jdiltHg = 




dE^ 

dr 


1 d 


dr 




... ( 1 ) 


where fi, k and a are the permeability, permittivity and conductivity of the homo- 
geneous dielectric medium filling the cavity and to is the angular frequency. All 
the parameters are expressed in rationalised Jf.K.S. units. 

Solutions of the above equations for and Hg are : 


Eg = AJQ{Kr)ej^^ volts/metre 

Hg = AJ^{Kr)ei^^ amp/metre 


... ( 2 ) 


in which Jq* Bessel functions of the first kind, A is the constant of 

integration governed by the strength of excitation and the propagation constant 
K is given by 


= —jia/i{cr+jc^k) ... (3) 

Let the cavity contain three lossless media (cr = 0) 1, 2, and 3, having permit- 
tivities ki, igj ^3 respectively, as shown in Fig. 1. and permeabilities equal to 



Fig 1 Cavity with glass tube 
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that of free space, The propagation constants for the media are. from 
eqn. (3), 


= A{say) 

K.^ = wv>A = = fii ... (4) 

= f^VM'ah = = /?8 


Solutions of Maxwell’s equations for the elec^ic and magnetic fields, can be written 
as follows : > 

For medium I 

HBi = 

For medium 2 

For medium 3 

m, = [b^Ji(M+0sY^{M¥'^ 

Here JS’s and C's are constants of integration depending upon the strength of 
excitation and 1^0. are the Bessel functions of the second kind. Equation 
(6) does not contain the second kind Bessel functions as they become infinite at 
the axis of the cavity. 

The boimdary conditions for the cavity system are : 

(1) The tangential component of the electric field at the cavity wall vanishes. 

(2) There is continuity of electric and magnetic fields at the boundaries 
of the media 3, 2 and 2, 1. Applying these conditions we get from 
equations (5), (6) and (7) 


... (6) 


( 6 ) 


... (7) 
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o^As^a) — ^ 

^3 ^2 




( 8 ) 


\-C.,Yo(M] = I -Bi./o(A»'i) 

■^2*^i(A^i) + ^2^ lUh^-d ^ -®l*^l(A^l) 

Now, from equation (4) 


and 


a = aV^- 

^2 “ /^3 V 


(9) 


Eliminating the constants in equation (8) and using eqn. (9), we get the 
following transcendental equation relating the dielectric constants of the different 
media. 




.. ( 10 ) 


where F ~ *^o(^3^2) ^o (/^3^3) ~ ^ o(A3^2) 

Assuming that the medium 3 is air, we get a transcendental equation from (10) 
which gives the dielectric constant of medium 1 in terms of that of 2 and \ice 
versa, provided to, the resonant frequency of the composite system is known. 

Further, if we assume that the dielectric medium 1, enclosed by the tube 
represented by the medium 2, is air, we can find dielectric constant 

of the tubular material from the following equation, the permittivity of air being 
taken equal to that of free space, ip. 


[ JoM- ] [ Y,{p^rMP,r,)- r'i(M)] 

== [ \/j^ r'Fi(^2r2)— FQ(^2r2)j^'^^ Jo(Aa^i)*^i(Ao^i)j ••• (H) 
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noo 


whore F' ~ *^o(Ao^8)^i)(^o^*) 

’tgifigrii) 

and fig — wy'f/gkg =- . C being tho velocity of light in free space. 
c 

(b) SoltUiort based on a Perturbation Theory^ 

Whon the oleetrie or magnetic field within a cavity m perturbed by insertion 
of a material within it, a eliango occurs in th^ distribution of the electromagnetic 
field. Consequently the resonant frequency the (‘avity changes. This change 
of resonant frequency, A/, is related to th^ dielectric constant of the material 
inserted. \ 

Let a dielectric, tube be placed coaxialj^ witliin the cavity. For TMq^q 
mode being used, the electric field only Ls disturbed. Following Slater (1946), 
the perturbation equation is 

A/ _ _ -fr, {e-\)mv 
Jg - 

whore is tlie resonant fre(pion(?y and E is the elccstric field intensity of tho un- 
porturljcd cavity, A/ is tho (change in frecpicney due to tlie introduction of the tube. 

refers to iiitt^gration over the volume of the tube and Vc that over the volume 
of the cuivity. It sliould, however, be noted that this equation is valid only if 
th(* perturbation is small i.e. tlio dielectric constant of tho material under study 
is not very high and tho radius of tho tube is small compared to that of tho 
cavity. 

Now, using cylindrical cocudiuates (z, r, 0), the solution of Maxwell’s equation 
for the electric field in a cylindrical cavit}*^ operating in TM^^o mode is, in absence 
of any perturbation, 

E - DJo{A» ... (13) 

wiiere is the propagation constant and is a constant of integration depending 
upon the strengtli of excitation. 

From equations (12) and (13) 

A/ ^ UirU (e-l) rPJo^(K,r)dr -rdO-dz 
fo ' 2 Urle D‘^Jf(Kgr)drrdB-dz 

(e- 1 )D^2n-L [ “ rJc^(Kgr)dr 

_ _1 ^ >-1 

“ 2 f Tg 

D^-2n-L f rJgHKgr)dr 

J 0 


... ( 14 ) 
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L roprosonts the length of the cavity . ^2 internal and externai radii 

of the tube and is the radius of the cavity (Fig. 1). 


Prom epuation (14) 


f rJoHKor)dr 

2(e-l) J 

j rJ\(K^r)dr 


[ rJ^\K^r)dr 
2A// 0 

/o r ^2 

j rJo‘^(A»dr 


2 ^/ . 0^3) 0^3)1 


... (15) 


As the cavity wall is assumed to be perfectly conducting, the electric field at 
r = rg is zero. Therefore, from eauation (13), J^)(K^ r.,) 0. Since the cavity 

is operated in the TM*,io niode, — 2.405, the value at which the first zero 
of Jq occurs. 

Equation (15) becomes 


fo 


rj‘lJ,r2A05)] 


Jo‘'‘( 2 . 4()53 j + Ji*^2.40r/‘A j ] -ri*po*( 2.405 j \ J j 


... (16) 


EXPERIMENT 


The block diagram of the experimental arrangement is shown in Fig. 2. 



SMMMiTM AOAPTSJi D/A£CTIOMU. COOPIMM AtUPT£A ' CdY/ry 

(3-fiamiO pesoMdOW 


Fig 9 . Expierimontal arrangement. 
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Two pyrox glass tubes wore chosen as dielectric samples and each of them, 
in turn, was placed coaxially inside the cavity. The resonant frequencies of the 
cavity with and without each of the samples were measured. The resonant 
frequency, in each case, is given by the fijequoncy at which the transmission 
through the cavity is maximum. The frequ^oj^ meter gives an accurate reading 

within ±0.3 Mc/sec. f; 

i 

H E S U L 4^ 

fc 

The resonant frequency of the empty cavity in TM^^^ mode as measured ex- 
perimentally (/ q ) is found to be slightly different from that calculated from its 
dimensions (/o). The discrepamty is assume^ to be due to the presence of holes 
in the cavity wall provided for insertion of Ihe samples and the coupling loops. 
It is tlierefore evident that tlie measured resonant frecjuency of the cavity with 
a sample (/') is also affected by the holes and needs correction, the corrected value 
being taken as 

/=/'M/o-/o') 

The frequencies / and the difference frequency A/ are given 

in Table I. 


Radius of the cavity ~ 3.837 cm. 

Sample 1. Internal radius, rj — 0.145 cm 
External radius, fg = 0.233 cm. 

Sample IT. Internal radius, ~ 0.389 cm. 

External radius, = 0.501 cm. 

The internal radii were cahmlated from the volume of Mercmry filling the tubes 
as described by Worsnop and Flint (1961). 


TABLE I 


Sample 

fo 

Mc/sec 

fo' 

Mc/sec 

/' 

Mp/ser* 

f 

Mc/sec 

A/ 

Mc/sec 

1 

2992.7 

2999.0 

2950.7 

2944.4 

48.3 

II 

2992.7 

o 

o 

CO 

2874.7 

2862.9 

129.8 


Equation (11) is used for determining the exact value of the dielectric cons- 
tant of the samples, puttng co = 27r/ whore / is obtained from Table I. With 
the help of equation (16) based on the perturbation theory, the dielectric constant 
is again calculated; /o and A/ are given by Table I. Dielectric constant for two 
pyrex glass tubes as determined by the above methods, are recorded in Table II. 
Its percentage deviation for the solution based on the perturbation itheory, with 
respect to the value obtained from the exact solution, is also recorded. 
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TABLE II 


Sample 


I 

II 


Dielectric constant percentage deviation 

X 100% 

M rr ' ^ 


from 

from 

a 

exibct 

perturbation 


Holution 

t-lieory 


a 

h 


4.80 

4.86 

1.26 

4.58 

4.59 

0.22 


CONCLUDING REMARKS 

The value of the dielectric constant of pyrex glass is found to be in conformity 
with that reported earlier (Von Hippel, 1954; Forsythe, 1956; Knoll, 1959). It 
appears from Table II that the composition of the two tube samples is slightly 
different. 

The result for the tubes, as obtained from the solution based on the pertur- 
bation theory, differs, by less than 2%, from that given by the exact solution. 
It may be concluded that the inaccuracy due to the approximation inherent in 
the perturbation method is, in these cases, so small as to be compatible with the 
inaccuracy due to experimental limitations. However, if the perturbation is 
largo, i.e., if the material under study is of high dielectric constant or if the thick- 
ness of the tubewall is appreciable, compared to the radius of the cavity resonator, 
the perturbation theory fails to hold. The exact method described in section 
(a) of theoretical consideration would, then, have to be followed. 

The dielectric material discussed in this paper is assumed to be completely 
lossless. For a material with a low loss tangent, the methods described for deter- 
mining the dielectric constant may still be applicable with a fair degree of accuracy; 
the loss tangent can be determined by measuring the 'Q' of the cavity with and 
without the specimen and applying, in an extended form, the perturbation method 
(Slater, 1946) or, for a more accurate evaluation, the method descri})ed by Horner 
et al (1946). 
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ABSTRACT. The infrared speetra of fliioro benzene, chlorobenzene, bromobenzone 
and iodobenzene in the vapour state have boon studied using a Perkin-Elmer one metre gas 
ctdl and Model 21 spoetrophotomoter and compared with the spectra of the pure liquids and 
of their solutions in carbon tetrachloride and chloroform. Significant changes are observed 
with the change of static From the spectra of fluorobenzeuo and cldoro benzene in the diffe- 
rent states it has been concluded that in both these cases the vapour consists of both mono- 
meric and dimeric molecules and the liquid consists almost wholly of dimcTs. Tn the other 
two cases the vapour consists predominantly of monomori(^ molecules and in the liquid state 
there is a smaller percentage of monomt^ric molecules and a greater proportion of dimeru* 
molecules. From a comparison of the spectra with the Hamnn sperdra, some of t he bands 
not assigned by previous workers have been assigned to relevant modt's of vi})ration of the 
molecules. 

INTRODUCTION 

The Raman and infrared spectra of monohalogen substituted benzenes in 
the state of aggrc^gation and also in solution have been studied by many previous 
workers (Landolt-Bomstein, 1951; Leeomto, 1937; Mortimer et ah, 1947; Plylor, 
1949). As the molecules are strongly polar some inter molecular association in 
the state of aggregation is expeett'd in all thest? cases. The Raman spectra of 
chlorobenzene in the vapour and liquid states were studied by Sponer and Kirby- 
Smith (1941) who observed that in the spectrum due to the vapour some of the 
lines due to the liquid were shifted and some other lines were absent. Such an 
effect was also observed by them in the case of three isomeric dichlorobenzenes. 
As the Raman spectnim of the vapour is generally very weak a definite conclusion 
regarding the disappearance of some of the lines cannot be drawn. The strength 
of the infrared absorption in the spectra of the vapour can, however, be increased 
by increasing the length of the cell. Further, a comparative study of the infrared 
absorption spectra of the different halogen substituted benzenes in the vapour 
and liquid states might show whether any significant changes depending on the 
chemical affinity of the substituent halogen atoms take place with the change 
from the vapour to the liquid state. With this object in view the infrared spectra 
of fluorobenzene, chlorobenzene, bromobenzeno and iodobenzene in the vapour 
and liquid states and in sajntion in different solvents have been studied in the 
present investigation. 
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EXPERIMENTAL 

The liquids were of chemically pure quality and were distilled under reduced 
pressure before use. A Perkin-Elmer Model 21 double beam infrared spectro- 
photometer was used to record the spectra. In the case of the vapours a Perkin- 
Elmer multiple reflection gas cell with totfid absorbing path of 100 cm was uwd. 
The spectra of the solutions of the compou|^ds in CCI4, CHCI3 and CSg were also 
recorded using compensation cells in the re^rence beam. In the case of the pure 
liquids, thin films enclosed between two l|aCl plates were used. 

I 

RESULTS AND IflS (HUSSION 

j 

The absorption curves due to the foui^ compounds in the vapour and liquid 
states are reproduced in Figs. 1, 2, 3 and 4 respectively. The wave numbers in 
cni''^ ol‘ the bands are given in Tables I, II,! Til and IV in w hich the positions of 
some of the bands of solutions in diffcTent solvents have also bc^en included. The 
(changes obstu'v^ed in the spectra witli the change of state and also with dissolution 
in different solvents are discussed in the following sections. 



vapour. 

liquid. 


(a) Fluorobenzene 

The curves in Fig. 1 show that most of the bands due to the vapour are well 
resolved while the rest are afymmetric and broad. In the spectnun of the liquid 
on the other hand, each of the doublets is replaced by a single band. For instance, 
the liquid gives a strong band 805 cin-» in place of tho two bands at 810 and 
820 cm-i due to tho vapour. In the Raman spectrum of tho liqi^id there is a 
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TABLE I 
Fliiorobenzeno 
V in cnr^ 




3% Soln. 


1 

Liquid 

Vapour 

in CHOlg 

4% Soln. in COI4 

4% Soln. in CS2 

670 (vw) 

675 (w) 

665 (w) 

675 (w) 


670 (w) 

682 (s) 

680 (m, b) 

690 (s) 

682 (s) 

682 (a) 

680 (s) 


695 (m) 

710 (m) 

728 (s) 


752 (vh) 

752 (vs, b) 

752 (s) 


750 (vs) 


768 (s) 

795 (VH) 


802 (a) 

805 (s) 

810 (a) 


810 (s, b) 



820 (a) 

820 (w) 



825 (w) 

885 (w) 

840 (vw) 


850 (w) 

895 (m) 

900 (m) 

895 (m) 

892 (m) 

890 (in) 


908 (w) 

925 (w) 



998 (vw) 

992 (w) 

1005 (w) 

1000 (vw) 

1000 (w, b) 

1020 (vw) 

1020 (w) 

1020 (m) 

1020 (w) 



1065 (m) 

1065 (m) 

1078 (m) 

1065 (m) 

1065 (m) 

1065 (w) 

1155 (s) 

1155 (m) 

1170 (m) 

1155 (s) 

1157 (s) 

1155 (m) 

1225 (va, b) 


1215 (vs, b) 
1225 (va, b) 

1224 (va) 

1222 (vh) 


1238 (vs. b) 


1235 (m) 

1235 (m) 


1250 (vs) 


1250 (vw) 


1326 (vw) 

1330 (w) 

1340 (w) 

1325 (w) 

1328 (vvw) 


1398 (vw) 

1435 (vw) 

1395 (w, b) 

1425 (w) 

1450 (ww) 


1465 (w) 

1470 (w) 

1465 (w) 

1465 (w) 


1482 (w) 

1485 (w) 

1480 (m) 

1480 (m) 


1498 (vs) 

1502 (vs) 

1498 (vs) 

1498 (va) 



1510 (a) 

1515 (vw). 




1540 (vw) 

1530 (vw) 



1565 (vvw) 

1570 (vw) 

1580 (w) 

1585 (vw) 

1585 (w) 



1590 (vw) 



1600 (vs) 

1615 (s) 

1635 (vvw) 

1695 (vw) 

1600 (va) 

1600 (vs) 


1700 (vw, b) 

1850 (vw) 

1708 (w, b) 

1770 (w, b) 

1850 (w) 

1862 (w) 

1938 (w) 




1950 (vw) 

1952 (m, b) 




2035 (vvw) 

2160 (w) 

2470 (vw) 

2575 (vvw) 




- 

2630 (vvw) 

2890 (vvw) 





'•ii 

3040 (a) 



3078 (m,b) ^ ^ 

3078 (vs; b) 

3100 (8) 

3100 (w) 

3070 (w, b) 

3060 (vw) 
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strong line at 806 eni“'^ whi(;h is assigned to the C-F stretching oscillation (Mecke/ 
and Kerkhof, 1951). Hence it can be concluded from the observed results that 
thiu o are two types of molecules in the vapour giving two C-F stretching frequencies 
and only om^ of th(\se two types persists in the liquid. Probably, these are the single 
jnolecult'S, and the dimers and the wave num^w 820 cm ^ is to be assigned to the 
single free molecule and 810 cm' ^ tf) the dimer. Again, in pla(;(‘ of tlie two bands 
752 ciu~’ and 768 cni'^ given by the vapour only one band at 752 cm"^ is given 
by the liquid. As this band at 752 cm ^ is ve^y strong and its frecpiency is lower 
tlian the Raman frequency 759 cni"^ given by ^he liquid, the mode giving thc^ band 
is different from that giving tlu^ Raman line.t Probably, the band is due to the 
mode corresponding to mode No. 18 B of bonzone (Pitzer and Scott, 194fl) aii<l the 
])afid at 752 (jtn-^ is to be assigned to this mode Of the dimer. 

TIk^ strong band at 1502 cm"^ given by the vapour has an iinresolvcfl com- 
panion at 1510 and tlu^re are weak satellites at 1470, 1480 and 1485 cm~^ 
res])(M*tively. Tlu' spectrum diu^ to th(^ liquid sliows a sharp and strong band at 
Hits cru"^ and two moderately strong satcdlites at 1465 and 1482 cm"^ respectively. 
Tliis group i)i bands is due to the mode corresponding to the mode No. 19B of 
benz(ine. Evidently, tlie band at 1510 cm“^ is due to the single molecule and 
that at 1502 cm“^ to dimers which persist in the vapour. In the licpiid the 
latter freqmmey diminishes to 1498 cm“^ probably owing to formation of hydrogen 
bonds between neighbouring molecules. The components at 1482 cru'”^ and 1465 
(uu"^ in th(^ sp(H*trum due to the li(|uid are stronger than any of the three compo- 
muits given by the vapour. The symmetry of the mode is in the present ease 
and th(' two-fold axis in the plane of the molecule passes througli the halogen 
atom. It may be possible, however, that there is small probability of similar 
alternative sc'ts of displacements taking place with respect to axes passing through 
diamc‘trically opj)osite C -H groups in the molecule and the bands at 1485 cm~^ 
and 1470 cju ’ juay bo duo to such modes in the single juolecules present in 
the vapour and those at 1480 cni”^ and 1565 cm“^^ might be due to those in the 
dimer. Tlie slight dependence of the frequency of this mode on the weight of 
the substituent atom is indicated by the corresponding Raman frecjuencios of 
these four halogen substituted (compounds. The other component of symmetry 
A^ of this mode gives the two bands at 12115 cni”^ and 1250 cni"*^ in the (‘ase of the 
vapour and only a single band at 1225 cni''^ in the spec^truni due to the liquid, 
the latter frequency being that of the dimer. The alternative displacements of 
this mode referred to above would give rise; to modes having frequencies near 
about those of the mode mentioninl above. 

It has to be pointed out that the strong band at 1608 cm~^ due to the vapour 
is also accompanied by an unresolved companion at 1615 cm ^ and three weak 
satellites at 1590, 1580 and 1570 cm~i respectively. As this band is due to the 

mode corresponding to the mode No. 8B of benzene and the dependence 
4 
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of the frequency of the vibration on the weight of the substituent atom is very 
small, the frequency of the dimer is not much different from that of the monomer 
to show a splitting of the bands 1608 cm"^ and 1615 cm“^ the latter being due to 
the monomer. In this case also, alternative sets of displacements with respect 
to diametral axes not passing through the halogen atom may occur with a small 
probability, the satellites 1590 cm“^ and 1580 cm~^ being the frequencies of such 
modes in the single molecule. The frcquenci(^s of the corresponding modes of 
the dimer present in the vapour diminish a little in the liquid due probably to 
intermolocular hydrogen bonding. Other doubk'ts in the region 1000 cm“^ — 1200 
cm“^ due to C~H bending oscillations observed in the case of the vapour also 
appear as single lines in the spectrum due to the liquid. The C — H stretching 
vibrations of the vapour give bands at 3078 cm“^ and 3100 cm~i while in the 
liquid there is a broad band at 3078 cm^^. This latter band is due to the vibra- 
tion of the dimer corresponding to mode No. 20B of benzene, the frequency of 
the monomer being 3100 cm“^ 

It can, therefore be concluded from the results that the litjuid consists of 
only dimers and in the vapour there are dimers and monomers almost in equal 
proportions. The bands observed in the spectra of the solutions in chloi’oform, 
carbon te^trachloride and carbon disulphide show that they correspond to tlu'- bands 
given by the pure liquid. In the cast* of the solution in chloroform the frequency 
of C-H stretching vibration corresponding to mode 29B is reduced to 3040 
which shows that hydrogen bonding takes place between the solvent and solute 
molecules. This band is very weak in the spetdra due to solutions in the other 
two solvents, which shows that in those solutions also the molecules an? not free.. 

(b) Chlorobenzene 

The spectra due to (ih loro benzene in the vapour state and in the liquid state 
reproduced in Fig. 2 show that the bands at 690, 712, 810, 905 and 1465 em“^ 
disappear when the vapour is liquefied. The other banfls of the vapour of fre- 
quencies below 1600 cm""^ are broad and asymmetric on the higher frequency hide, 
which suggests that there are unresolved companions on this side. These com- 
panions at 750, 1035, 1100, 1250, 1495, 1605 and 3095 cm-^ also disappear when 
the vapour is liquefied. Thus, in this case also it appears that the vapour 
consists of both associated and single molecules, while the liquid consists wholly of 
dimers. The frequency of the C~C1 stretching vibration of the single molecule is 
therefore, 712 cm "^ and that of the dimer is 702 om““^ and the latter frequency 
diminishes to 700 cm*”^ in the case of the liquid. This shows the formation of 
intermolecular H...C1 bond in the liquid. 

The strong band at 738 cm~^ of the liquid may be due to the mode corres- 
ponding to mode No. 18B of benzene, the frequency of vibration in the monomer 
being 750 cm”^ represented by an unresolved companion of the band given by the 
vapour. The bands are broader in the spectrum due to the vapour probably 
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TABLE II 

Chlorobenzene 
V in cm“^ 


Liquid at 28'^C 

Vnpour at 28^-0 

068 (w) 

682 (s) 

680 (w) 

690 (m) 

600 (s) 

702 (s) 

712 (m) 

738 (vs) 

738 (VH, b) 
750 (s) 

800 (vvw) 

810 (m, b) 

898 (m) 

895 (m) 

905 (w) 

1002 (w) 

1002 (vw, b) 

1022 (s) 

1024 (s) 

1035 (m) 

1070 (m) 

1070 (w) 

1082 (s) 

1090 (vs) 

1100 (m) 

1120 (w) 

1225 (ra) 

J 155 (v\’w) 

1150 (vw) 

1 170 (vvw) 

1170 (vw) 

1235 (m) 

1238 (vs) 

1250 (s) 

1430 (vw) 

1430 (vvw) 

1450 (s) 

1450 (w) 

1465 (w) 

1480 (vs) 

1485 (vs) 

1495 (s) 

1550 (vw) 

15.50 (vvw) 

1565 (w) 

1570 (w) 

1585 (s) 

1585 (w)? 


1598 (vs) 

1605 (s) 

1780 (w) 

1860 (vw) 

1950 (vw) 

1870 (w) 

1950 (w) 

3000 (w) 

3040 (w) 

3050 (w) 

3075 (m, b) 

3070 (w) 


3095 (VK, b) 


3% Soln. in 3% Soln. in 
CHdlg CCI 4 


«65 

(w) 



«8r> 

(«) 

680 

(«) 

700 

(«) 

700 

(8) 

710 

(w) 




725 

(m) 


900 (vw) 

900 (w) 

930 (w) 

930 (vw) 

1000 (vw) 

1000 (vw) 

1025 (s) 

1020 (m) 

1070 (w) 

1070 (w) 

1085 (vs) 

1085 (vs) 

1120 (w) 

1120 (vw) 

1225 (vs) 


1430 (vw) 


1450 (m) 


1485 (vs) 


1590 (m) 



3040 (s) 

3035 (vw) 

3075 (w) 

3080 (w) 


because the molecules are free to rotate about the two-fold axis. The band at 
1090 cm"“^ of the vapour is produced by the component of the mode corres- 
ponding to mode No. 19 A of benzene and the component gives the 
band at 1485 cm-^ Both the bands are asymmetric on the high frequency 
side as mentioned earlier, but the latter band is accompanied by weaker satellites 
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at 1450 and 1465 cm-^ reBpcctivoly. The main band shifts to 1480 cm~^, the 
band at 1465 cm“^ disappears and that at 1450 cm~^ becomes stronger when the 



Fig. 2. Infrared Hpoctra of chlorobenzene. 

vapour. 

liquid. 

vapour is liquefied. As suggested in the case of fluorobenzene these satellites 
may be flue to alternative sets of displacements with r(‘8pe(;t to tlie axes passing 
through diametrically opposite C-H groups of the moleciih' and the strengthen- 
ing of the band at 1450 cm ^ of the liquid shows that in the dimer sncli alternative^ 
sets of displacemcmts become more probable. The band at 1598 cm ^ due to the 
vapour has similarly weakei' companions at 1570 cm"^ and 1550 cm~^. The strong 
band shifts to 1586 cm~^ and the other two to 1565 cni“^ and 1545 (im~^ respec- 
tively in the case of tlie liquid. The corresponding Kaman frequency of the 
molecule in the liquid state is 1584 cm~^ and it has been assigne^d to the compo- 
nent corresponding to mode No. 8A of benzene by Mecke and Kerkhof (1951). 
Hence this frecpiency is to bo assigned to the dimer. 

The strong bands at 3095 cm~^ and the weaker one at 3050 cm“^ given by 
the vapour are due to vibrations corresponding to modes 20B and 7B of benzene 
respectively. These bands appear to be due to the monomer, the corresponding 
bands due to the dimer are weak and have frequencies 3070 cm~i and 3040 (mi”^ 
respectively. In the spectrum due to the liquid there are a moderately strong 
band at 3075 cm~^ and a weak band at 3038 cm~^. So, it appears that the C — H 
vibration is partially suppressed in the dimers present in the liquid. In the 
spectrum due to the 3% solution in chloroform the band at 3040 cm~^ is much 
stronger than that at 3075 cm“^. The former band is thus due to the molecules 
associated with the chloroform molecules through weak H,..C1 bond. 
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( c ) Bromobe/nzene 

Tho bands due to bromobonzene in the vapour and liquid states reproduced 
in Fig. show remarkable changes in the spectra witli the change’; of state*. Tho 
strong band at 1483 cni"^ due to the vajiour has two weak companions at 1460 
1 448 cni""^ respectively. In tlie spectrum <lue to tlie liepiid on the other handj 
the band at 1447 cm ’ is the strongt^-st and there are a weaken companion at 1472 
enr ^ and another still v eakiT compoiu^nt /iat 1485 cm~^ Th(*se changes (^an l)e 
explained on the assumption that in the ca^e of the vapour tho very strong band 
at 1483 (un“^ is due to the modi* in the Single molecule cor respoiK ling to mode 

19B of benzeru* and the weak band at 144$ cm “^ is due to the same vibration in 

% 

one of the mole(;?ilcs in the small [lercenliage of dimers present i*i tlie vapour. 
In the Ikpiid tlie perc(mtage of dimers is larger than that of the monomeric mole- 
cule and therefore the lia id at 1448 em“^ : becomes mm h stronger than that at 
1483 cm~^ The intermediate band at 1472 may be due to tin* same vibra- 
tion in the second molecule in the dimer. Similarly, the band at 1596 cm"^ 
du(^ to the vapour has a weak comjHuient at 1570 c.m”’ which becomes very strong 
in tlie spectrum due to tlie li(]uid, while the component at 1590 cni"^ becomes 
very \\'(*ak. This latter band is thus due to the single molecules and the band at 
1570 cm~^ is due to the diimu’. The* grouj> of bands at 1020 cm“^ diu* to the 



Fig. 3. Infrarod spectra of bromobonzene. 

vapour. 

liquid. 


vapour also undergoes remarkable changes with the change from vapour to the 
liquid state. In the case of the vapour the strong band at 1022 cm~^ has two 
weak companions at 1010 cm”^ and 1000 cni“^ respectively. In the spectrum 
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due to the liquid the band at 1000 enr^ becomes the strongest and there are a 
strong new band at 090 cm~^ and a slightly weaker band at 1015 em~^ In the 
Raman spectrum of the liquid there is a strong line at 1000 cm“^ due to the 
breathing vibration of the ring, but this vibration gives a very weak band at the 
same position in the infrared spectra due to fluoro- and chlorobenzene in the liquid 
state. The other band at 1022 cm“^ is due to the Aj mode corresponding to mode 
No. 12 of benzoTK'. The band at 1072 om"^ due to the vapour only shifts to 1065 
enr^ without any change in its strength. The Raman line of this frequency- 
shift is very strong and it has been assigned by previous workers to the mode 
corresponding to mode No. 19A of benzene. It appears, however, that the struc- 
of the band at 1072 em “^ does not change with the change of state, and therefore, 
this band may be duo to the C-H bending vibration. In that case the band at 
1010 (mi“^ may be due to the A^ component mentioned above in the single mole- 
cule and the band at 990 cm~^ may be due to the same mode in the dimer. The 
band at 1000 cm~^ is then to be assigned to the breathing vibration of the ring 
both in the monomeric and dimeric molecules. 

The C-H stretching vibrations in the vapour give a very strong band 3105 
cni”^ and two weak bands at 3075 and 3065 cm~^ respectively. In the spectrum 
due to the liquid the strong band shifts to 3075 cm*^ and there is a weak band 
at 3040 cm~^ The band 3075 enr^ is thus to be assigned to a mode in the dimer 
corresponding to mode No. 20B of benzene. The corresponding band due to the 
single molecules in the liquid seems to be extremely w'eak. 

The spectra due to the solutions of bromobenzene in carbon tetrachloride 
and chloroform are slightly different from the spectrum due to the pun' liquid. 
The band 725 cm^^ of the liquid shifts to 718 cm“^ and 710 cni~^ respectively in 
the spectra of the two solutions. As this band is also due to a C-H bending 
oscillation, the shifts mentioned above indicate the formation of weak hydrogen 
bonds with the chlorine atoms of the solvent molecules. The relative stengths 
as well as frequencies of the bands 1485 and 1470 cm“^ of the liquid also undergo 
changes when the liquid is dissolved in the two solvents mentioned above. The 
strong band 1470 cni"^ of the liquid shifts to 1465 cm"^ and becomes weaker while 
weaker band 1485 cm“^ shifts to 1475 cm”^ and becomes very strong in the cases 
of both the solutions. Such changes are also observed in the cases of the bands 
1585 cm~^ and 1570 cm*"^ of the liquid which shift to 1575 and 1565 cm“^ 
respectively in the spectra of both the solutions. Finally, the band 3040 cm“^ 
due to C-H stretching oscillation in the liquid shifts to 3030 cm*"' and becomes 
stronger while the band 3075 cni”^ shifts to 3080 and becomes very weak when 
the liquid is dissolved in chloroform. 

(d) lodobenzene 

It can be seen from Fig. 4 that although the absorption due to the vapour 
is weak owing to the low vapour pressure in the cell, the relative strengths of some 
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TABLE III 


Bromobenzeiie 



V in cm 

-1 


J liquid at 28''C 

Vapour at 2H"C 

4% 8olution 
ill CCI4 

3% Solution 
in CHCl;, 

665 (s) 

670 (m) 

670 (vs) 

670 (s, vb) 

674 (8) 

725 (vs, b) 

678 (m) 

728 (vs, b) 

680 (in) 

718 (s) 

710 (m) 

825 (vw) 

900 (s) 

900 (vw) 

900 (w) 

875 (w) 

900 (vw) 

990 (vs) 

990 (s) 

990 (vw) 

1000 (vs) 

1000 (m) 

1000 (s> 

1000 (w) 

1016 (s) 

1010 (m) 

1020 (h) 

1018 (vs) 

1020 (s) 

1064 (vs) 

1072 (vs) 

1065 (vs) 

1045 (m) 

1065 (s) 


1160 (m) 

1175 (III) 

I 175 (m) 

1 195 ( w) 

1235 (\’w) 

1265 (w) 

1300 (vw) 

1322 (m) 

1362 (vw) 

1 385 (w) 

1400 (w) 




1428 (w') 

1425 (wO 

1447 (vs) 

1448 (m) 

1448 (vs) 

1445 (vs) 

1470 (s) 

1460 (w) 

1465 (w) 

1465 (w) 



1475 (vs) 

1475 (vs) 

1485 (in) 

1484 (vs) 



1515 (vw) 


1515 (vw) 


1530 (w) 


1530 (vw) 


1550 (m) 

1550 (vw) 

1550 (m) 

1550 (vw) 

1570 (vs) 

1570 (m) 

1565 (s) 

1565 (s) 



1575 (s) 

1578 (vs) 

1585 (s) 

1588 (vs) 



1638 (w) 

1640 (vw) 



1700 (vw) 




1726 (w) 




1775 (vw) 

1775 (vw) 



1788 (w) 

1788 (w) 



1862 (m) 

1850 (vw) 

1860 (w) 



1870 (w) 



1880 (w) 

1880 (w) 



1952 (m) 

1952 (w) 

1948 (w) 


1975 (w) 

1970 (w) 



3040 (m) 

3060 (w) 

3040 (w) 

3020 (s, vb) 

3075 (vs, b) 

3075 (w) 

3075 (s) 

3080 (vw) 


3102 (vs, b) 
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of the barifls an^ different from those of the eorresponding bands dne to the pure 
liquid. Tlu‘. very weak l)and at 1445 cm“^ of the vapour becomes stnmg and the 
band I4S2 cm ^ shifts to 1475 (;m~^ in the spectrum due to the liquid. The band 
at 1018 cm“^ of tlie vapour is accompanied by weaker bands at lOlO, 1000, 086 
and 075 cm~^ respecitively, but in the spectrum due to thc^ liquid the band at 008 
em“^ is stronger than the band 1015 ciu”^ while the band 1010 cnr ^ is absent. 
Tliese changes can be (explained on tlie assumptions that in this case also the 
vapoiu* consists predominantly of monomeric molecules with a small percentage 
of dim(‘rs which increases when the vapour is liquefied and that the lino OihS cm“^ 
may be diui t(i the mode of the single molecule in the liquid corresponding to 
mode No. lOA of b(^nzeMe and the band 000 cm~^ may be the corresponding band 
(jf thi^ dimer. Similarly, the band 1018 cm~^ due to th(‘ vapour is to bo assigruul 
to mode No. 12 of the benzene ring and the corresponding band of the diimu’ 
may be identified witli the weak band 1010 cm“h In the spectriuii due to the 
liquid the. strengthening of the latter band and slight shift of the former band 
may be responsible for producing a single strong band at I0l.‘l cm h The bands 
1475 and 144.*1 cm“^ of* the liquid may also be due respectively to the monomeric, 
and dimeric molecules in the liquid. The formation of liydrogen bond in the liquid 
is indicated l)y tlu' fact that the strong band 3090 on ^ due to O-H vibration 
corresponding to mod(‘ 20B of Ixmzene shifts ot 3075 cm * and becomes n^latively 
weak in the spectrum due to the liquid. 



800 ' 900' ' 1000 ilOO " 1200 1300 1400 1500 1600 


Frequency in (.711-1 

Fig. 4. Infrared spectra of iodobenzene. 

vapour. 

liquid. 

In the case of the solution in carbon tetrachloride tlie band 1442 cni~^ becomes 
stronger than the band 1472 can" ^ and the weak band 1450 cm“^ of the vapour 
becomes quite strong. Also the line due to C-H valences oscillation shifts to 3078 
cm“h In the spectrum due to the solution in chloroform on tlie other hand the 
band 3040 cm“^ is stronger than the band 3073 cm~^ and there is a now band at 
2990em“‘h The diminution of the frequency from 3090 cm“^ to 3078 cm”^ in 
the case may be due to the formation of weak H..C1 bond between the solvent and 
solute molecules. 
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TABLK rv 

lodobciizeno 
V in cm-i 


Li()ui(l at 28'’0 

Vapour afc 28°C 

Solution in CCI4 

V 

Solution in 

640 (vw) 




«r>0 (w) 

050 (m, h) 

#52 (m) 

050 (s) 

070 (vw) 


#70 (w) 

675 (m) 

fiSO (m) 

080 (w) 

#80 (h) 


723 (vh) 

725 (h) 

#20 (vs) ^ 

700 (m) 

900 (vw) 

890 (vw) 

>90 (vw) 

895 (vvw) 


915 (vw) 

975 (vw) 


920 (vvw) 

990 (w) 

980 (vw) 

998 (vs) 

997 (vs) 

998 (h) 

1000 (m) 



1013 (s) 

101(1 (w) 

1018 (s) 

1012 (s) 

1012 (vs) 

lOOO (tn) 

1002 (in) 

1058 (s) 

1055 (m) 



1320 (vw) 

1300 (vw) 

1430 (vv) 



1425 (w) 

N13 (s) 

1445 (vvw) 

1440 (vs) 

I440.s{vs) 

1405 (ni) 


1405 (w) 

1465 (w) 

1475 (s) 

1470 (w) 

1470 (s) 

1470 (s) 


1482 (8) 



1530 {Wf) 




1550 (w) 

1550 (vvw) 

1550 (in) 

1545 (w) 

1505 (m) 

1570 (m) 

1565 (s) 

1565 (rn) 

1570 (s) 

1585 («) 


1573 (s) 




2990 (w) 

3025 (w. b) 

3040 (vw) 

3040 (vw) 

3038 (vs) 

3075 (in, b) 

3070 (vw) 

3080 (vs) 

3075 (w) 


3090 (s) 




It can thus bo concluded from the results discussed in the previous sections 
that the frequencies of the modes of vibration of the single molecmles of the four 
monohalogen substituted benzenes can be obtained only from the spectra 
of the (^impounds in the vapour state and that these fre(piencie8 are 
5 
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invariably larger than tlie corresponding freipieim observed in the spectra of 
the compounds in the liipdd state. The results also show that the iiiteriuole- 
eiilar interaction in the h(piid state is stronger in the cases of lluorobenzene and 
chlorobenzene than in the other two eases and this is in conformity with the 
larger chemical affinity of these two substituent halogen atoms. 
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ORIENTED TRANSFORMATION OF MAGNESITE 

D. R. DASGIOTA 

(iKOLOflicAt, SoRVKif or India 
20, CiiowiuNonEE, Qaecutta-IO 
(Renehted Nomtdicr 11, 1984) 

Plate XI 

ABSTRACT. The trimBformnIion of magnesiW into p('riolane under hoat treatment has 
been studied by single erystal X-ray difTnu-tion method. It whs observed that a single crystal 
of magnesite, when hnati'd to about 4.')0"(1, Iransforjned into a single crystal of periclaso with 
orientational relationships betww'n the two phasi\s. One of the triail axes of rhombohodral 
crystal of magnesite becaim! piirallel to one of th(t triad axes of cubic crystal of pcriclase with 
three diad axes of both the phases bemg intorr hanged. 

I N T K 0 D U C T 1 0 N 

Magnesite (MgCOj) falls in tht' oaleite group of minerals. Though no single 
crystal stnicture analysis of this particular mineral has been ilone, its difference 
from that of calcite is only in its cell dimonsittns. the positions of calcium ions 
being replaced by magnesium ions in magnesitth A pure magnesite should have 
a chemical formula like MgCOj) but in nature a slight amount of Mg++ is alw'ays 
replaced by other divalent ions such as Pe'* ' , Mn * ^ , Ca+ ' etc. Thermal decomposi. 
tion of magnesite had liecn studied by different w'orkers (Cuthbert and Rowland, 
1947; Weiden, 1954) and in the d.t.a. curve for magnesite an endothermic {Ksak 
at around 650'’(1 and a small exothermic peak at a slightly higher temjK'rature 
were observed. The endothermic peak was due to the decomposition of magnesite 
into perielase (MgO) and COj; the exoth<‘rmic peak was explained as due to the 
(jrystallisation of {xwiclast!. Kulp, Kent and Kerr (1951) obscrvi'd that the peak 
temjwrature for endothermic reaction varksl within a range of 660“ to 690°C. 
Reck (1950) had ascribed the inflection on tlie downward sw'ecp in the d.t.a. 
curve, after the main endothermic peak, to the formation of an intermediate 
carbonate such as MgO.MgCOs. But his X-ray study did not provide any conclu- 
sive evidence. Cramer and Bachman ( 1955) studied the transformation of MgOO, 
under various ])rcssures of COjj. Their observation under tin? electron micros- 
cope showed the following : The shape of magnesite grains remained unchanged 
during the decomposition. MgO was first formed on the outer side of MgCO, 
grains as a fluffy layer of small crystallites. With increasing COj pressure, the 
size of MgO crystallites increased and the velocity of decomposition decreased. 
Tho thermal transformation of siderite (FeCOj), a mineral belonging to the same 
structural group, was studied by Bernal, Oasguptaand Mackay (1959) and Dasgupta 
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(1960) by X-ray diffraotion method. Cleavage rhombohculron of sidc^rite was 
sealed in a tube under vacuum and heated to about /)5() ’C. After rapide ooling 
it was observed tliat tlu^ crystal, without changing its shape, became highly mag- 
netic and the X-ray examination of the same crystal revealed the presenci^ of 
oriented intcu’growths of FeO and FejjO^. Ffowiwer, upto the ])res(*nt time no work 
on the transformation of magnesite hy single crystal X-ray diffraction method 
has couK' to tlH‘ author’s notice. The ])r(‘sent work was, tluuH^foro, int('nded for 
finding out if magnesite would also transform into periclase with orientational 
relfitionships between the two ])hasos. 

v: X V K li I M E N T A L 

Beautiful milky whitt^ single cTystals of rhombolu'dral shape' wen* separated 
from sample (Ind. Mus. Reg, No. 8677, found at T)hoba and Delwaldhar, Almora 
l)t., ITttar Pradesh). The samjde as a whole, when (examined by X-ray povedt'r 
diffraction method, proved to be mainly magnesite with minor amount of dolomite 
and traces of talc. However, single crystals, separated from that samj)le, did not 
contain dolomiti* or talc. Rotation photograph of one such crystal, taken along 
the two-fold axis of the rhombohedral crystal in a 3 cm. radius cylindrical camera 
with Ni-liltered Cu-radiation, is show7i in Fig. 1. Similar crystals were lu‘at(‘fl 
in a covered porcelain crucible at about 4i)0''C for five* hours and th(*n (‘ooled down 
to room temperature. It was observed that the crystals decr(*])itat(Ml and had 
broken dowii into small fragments. The colour of the small fragnuuits turned 
slightly pinkish but the rhumbohcjdral shape was still maintained in those small 
fragments. A 30'^ oscillation photograph of one such (Tystal along the saim* axis 
as befon^ was taken in the same camera with similar radiation (Fig. 2). It was 
seen that the crystal was partly transformed into pi^ricdasc'!. The shar]) spots 
in Pig. 2 were dm* to untransformed magnesite, while the powchu' diffraction arcs 
showing definite fireferrcMl orientation were due to p(*u’iclase. M(*,asur(umuit of 
periodicity from the fibre pattern due to periclase showed that the direction of 
preferred orientation coincided with a two-fold axial direction of the cubic crystal 
of poriciasc. It has been already stated that the (crystals of magm^site h(*at(*d 
to 450'^C turned slightly pinkish. But when su(*li (crystals powdered, it was 
observed that the inner portions of the crystals wore still milky whiter, indicating 
that the surface of the crystal was affected first during the transformation. This 
seems to be in agreement with Crejuer and Bachmans (1655) observation. 
Powder diffraction photograph of crystals of magnesite boated to 600”(1 for five 
hours showed complete conversion of magnesite into periclase with a slight change 
in the degree of crystallisation. 

DISCUSSIONS 

The orientational relationship, which was observed during the transformation 
of magnesite to periclase, can be explained from structural point of view. Magne- 
site, which has a face-centred rhombohedral structure, can be very well 





Fig. 1, 
Fig. I 
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otation photograph of single crj'stal of magnesite taken along a diad axis of the rhomhohedral crj^tal 
Rntatmnnu„ u / ■ , ''’"'’^'••’WCuradiation 
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compared to a distorted NaCl structure. If the MgCO.^ striictun' is considered 
along a threefolfl axis of tlie rhombohedral crystal, it (;an Ix' s(‘en that the 
ions are arranged in cul)ic closed -y 3 a(?ked (ABOABCAB(^A...) layers with Mg+^ 
ions in octahedral positions in betwe(‘n layers. Tht^ o>)late shape of the ” 
ions makes the crystal to he rlioinhohedral mstead of being cubic. Peri(*las(\ 
on the other hanrl, has a simple NaCl striuifuri'. Tiie arrangiunents of (KJ 3 
and O along tlu^ ihnx^-fold axis of ina.gn(\sit^ and periclasc* are shown in Fig. .*1. 



MJCO3 

Fig. 3. Arrungemouts of OO 3 and O layers along three-fold axis in Magnesite and 
Poriclase Mg layers are placed in octahedral position in between CO;; and O layers. 

To arrive at the striK^ture of jierielase from that of magnesite, all one has to do is 
to press the structure along the three-fold axis till the edges meeting that axis 
make angles equal to 90^" to each other. So, when magnesite is heated, COg 
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begins to come out from the COa'"' layers as a result of which a strain is produced 
along the three-fold axis. With the complete expulsion of OO2, the rhombohedral 
cell changes into a eu})ic cell of p<»ri(!lase. Thus, a three-fold axis of the rhombo- 
hedral magnesite crystal becomes a throe-fold axis of the (iubio periolase crystal, 
the three diad axes of botli the phastis being intcTchangofl with each other. The 
effect of strain in changing the rhombohedral c('ll into a cubic cell is very much 
evident from the X-ray photograph duo to pcriclase. 

ft may b(! pointcid out here that in the case of FeCOs similar sort of orient(“d 
(h'carbonation occured (Bernal, Dasgupta and Mackay, 1959; Dasgupta, I960) 
and attenti<m was dra^vn to tin* diffieulty of rc'cnrudling this with the fact that 
two-thirds of the oxygen was lo.st during the decomposition. Ball and Taylor 
(1961) suggested that this difficulty could be removed if an inhomogeneous mecha- 
ni.sm of transformation is considered in this case. The fact that the surface of 
the magnesite crystal was affect(‘d first during the tran.sformation may be an 
indication for an inhomogeneous mechansim. In that cast' one is tempterl to 
think that there are acceptor and donor regions in the magnesite crystals and the 
migrations of ions from those regions may take place in the following way : 


Acceptor regions : MgCOj 3M^0 

t2Mg++ j,r''-+++ 

Donor regions ; 2MgC03 3(102 


However, it will be very nnuih premature to describe the mechanism of trans- 
fonnation like this unless a complete^ study is made with otluu' mitHwals of the 
calcite group. 
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A STUDY OF THE ANGLE OF SPREAD OF THE 
DOWNCOMING RADIO- WAVES 

N. N. SI, 
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Plate x|l 

ABSTRACT. TTk‘ of spread has beou|m<nmired for the vertical-incidenee pulsed 

radio-waves retunuid from hotli the E-&nd th(^ F- r^ioiis of the ioiiosphtTo on two undisturbed 
days. Observations cover all tho liours of the and night. 

In the (*ase of th(^ E- region returns, the value the angle of sprtvid is found to occur bet- 
w«ien i>0' and 7" with an averagt' value of 4 ' 2i)'. The most preferred range* of this angle is 
found to 1)0 4 ' to 5 

In the case of t he F- region returns, Iht* value of the angle of sproatl is found to occur 
between 30' and 10" with an average* value of 4" 50'. The most preferretl ranges of this angle 
is again f(»und to b»* 4*^^ to 5^ . 


I N T ii {) D U 0 T J 0 N 

From th(! flri<liiigs of liatcliffo et til. (1933) and Pawscy (1935), RatoJiffo (1948) 
coiicludcid tliat radio waves* are returned by a process of diffractive ref)(5ction from 
the ionosphc'ric irregularities. On account eef the presence of thmi irregularities 
which act as scattering centres, there is a cone of radio w'aves scattered to the 
receiving })oint. Tlic fading of a singly-rellocted wave can then be attributed to 
the changing int(‘rference (!onditi<ins between the various elementary wavelets 
scattered from the different scattering centres uithin the cone. The semiangle 
of this cone is called the angle of spread of the scattered cioinponents. 

A method of determination of the angle of spread w^as described by Briggs 
e.t al (1959). Later Briggs (1951) dcscTibed another much simpler but slightly 
approximate method for the determination of the angle of sprc'ad. Assuming 
the horizontal movement of the ionospheric irri'gularities to be the main cause 
of fading, he deduced the relation 

'2V 

N ~ sin 0 
A 

where N = nund)er of maxima of the fading pattern per second. 

V — horizontal drift velotdty of the ionospheric irregularities. 

A = wave-length of tlie sounding radio-wave, 
and 6 — angle of spread. 
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Tho al)<)V"(‘ Halation has IxH^n used in the pn^siMit iuv"(^sti^atieus to uieasiire 
tlu^ aiigl(' oi’ sprt'ad. 


K X P K Ji I M E N T A L J) E T A J h 8 

Tlu' nn-onls were taken at Waltair ((ieograpliie Lat. 17" 43' N; long. 83" 18' 
E; Oeomag. lat. 7.4''N) with th(* vertieal-iiiei<ierK*e pulsed radio-waves by the throe 
spaeed-r(^e(MV(‘rs teehni(|ue of Mitra (1940). The transmitting antenna was of 
jiiulti[)i(‘-\\'ir(‘ di‘Jta-tv]K‘ and th(' nx-c'iving antennas were tliree tuned dipoles 
juirallid to oiu* another at tlie three eorners of a right angled isoeeles triangki. 
Th(' two e(jua1 sides of the triangl(* were eaeli of 108 nutters and were oriented along 
the Kast-Whsst and N(U’th-South directions. Each record was of 4 to 6 minutes 
duration. A tyi)i<ial roi-ord is show'n in Fig. 1. 

The horizontal drift velocity, F, of the ionosph(n*ic layer w^as (let(‘r!nin<‘d using 
all the thn^o fading curves f)y the similar fade method of Mitra (1949), and the 
number of maxima of the fading pattern per second, N was obtaiiuMl using only 
the central fading curve. 

The records on the days of magnetic disturbamx^ or solar Han*. w(‘re n*j(*('ted. 
The angle of S])read of the dowruMuning radio waves was determim*d with fifty 
records in all. Twenty fiv<* of these w(>in* due to the F-r(*gi(m ndurns and w^(*r(* 
taken on ITdh December 1959. The nunaining tw(mty iiv('> were due to the E- 
region returns and were taken on 17th T)e(*(onber 1959. On thc'sc* two days no 
solar flare wus recorded at Kodaikanal (lat. 10" I4'N, long. 77" r29'E. Oeomag. 
lat. 00 ' 44' N) and no magnetic disturbance was recorded at Alibag (lat. 18" 38'N 
long. 72" 52' E, Mag, Eat. 9"N)*. 'Phe Tnt(‘rnati()nal Magnetic (.haracter figun‘S 
for 15th December and 17th Decenil^er 1959 are resy)(‘-ctiv(*4y 1 and 0. The rot^mls 
of both the days cov(^r all the? hours of the day and night. 

For the E-voghm returns the operating fre(p](»acy w^as 2.5 Mc/s and for the 
F-region returns tlu, of)(?rating fr(*(piency was 5.0 Mc/s during the day-light hours 
and 2.5 M( /s rluring tlu* night hours. The records in tlu* rught hours of F-region 
are due to reilection from sporadic F-layer. The reflection lu*ight for /^-region 
was between 100 to 120 km. and that for F-rogion between 255 to 315 km, 

EXPERIMENTAL RESULTS 

In tlu? case of the F-region returns, the values of the angle of spread have 
been found to occur between 50' and 7" with an average value of 4" 20'. In the 
case of the F-region returns, tlu? values have been found to be betw^een 30' and 
10", with an average of 4" 50'. 

From the histograms (Fig. 2) it is observed that the most preferred range of 
the angle of spread for the returns from both the regions is 4" to 5°. In the case 
of the F-region returns the angle of spread does not go beyond 7", but in the case 


*Thi? goomftgnotio latitudes of Wuliair and Alibag aro very nearly the sumo. 
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